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voor Ebbel 
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VOORWOORD 
Dank de vlam voor haar licht, 
maar vergeet het voetstuk van de lamp niet, 
dat in de schaduw staat 
met trouw geduld. 
uit: Tagore, Zwervende Vogels 
Een mens alleen kan niets bereiken, daar heeft hij zijn medemens voor 
nodig; daarom wil ik dan ook die mensen bedanken welke hebben geholpen dit 
proefschrift te maken tot wat het geworden is. Ik dank Peter Andreoli, 
Rob Moormann en Frans Ramaekers voor hun aandeel in de constructie en iden-
tificatie van de crystalline clonen. Huub van der Velden, Martien Groenen, 
Pieter Vorstenbosch en Loes Jansen dank ik voor hun directe bijdrage, in 
het kader van hun stage, aan diverse hoofdstukken van dit proefschrift. De 
clonering van het hamster cxA-crystalline gen is uitgevoerd door Wim Quax 
en Els Hulsebos. Marielle van Workum en Martin Salden ben ik zeer erkente-
lijk voor het gebruik van hun retic lysaten. In het bijzonder ben ik 
Piet Spaan en al zijn medewerkers van het Centraal Dierenlaboratorium dank-
baar voor hun uitstekende organisatie die het mogelijk heeft gemaakt te 
beschikken over het grote assortiment aan dierlijk materiaal, zonder welke 
dit proefschrift in deze vorm niet tot stand zou zijn gekomen. Daarnaast 
wil ik hen, alsmede Steven Stapel en Peter Cruijsen bedanken voor hun be-
reidwillige assistentie bij het prepareren van menige ooglens. Verder dank 
ik de heren Mual en Dekkers van de afdeling Fotografie WNF voor het uit-
stekend verzorgde fotografisch werk dat dit proefschrift siert. I thank 
Dr. Irith Ginzburg and Prof. Uriel Littauer from the Department of 
Neurobiology at the Weizmann Institute of Science, Rehovot, Israel, who 
were so kind as to give me an opportunity to complete this thesis during 
my stay. Els van Genne en Guy Berbers, heel erg bedankt voor de grote 
moeite die jullie je hebben moeten getroosten om de finish van de zenuw-
slopende eindfase van dit proefschrift te halen. Els heeft voor het uit-
stekende typewerk gezorgd en Guy fungeerde als koerier tussen de drukker 
en mij. Dankzij mijn ouders, die mij van jongs af aan hebben gestimuleerd 
te studeren, is het mogelijk geworden om het werk van de afgelopen jaren 
in dit proefschrift weer te geven. Verder wil ik heel graag op deze wijze 
mijn waardering laten blijken voor al die mensen van zowel binnen als 
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INTRODUCTION 
The vertebrate eye lens is because of its unique growth pattern, highly 
differentiated state and the fact that it never sheds its cells during the 
entire life span of the animal an attractive system for studying growth, 
differentiation and aging. Research on these fundamental biological 
processes on a molecular level has mostly been carried out on the water-
soluble part of the lenticular structural proteins although in recent 
years considerable interest has arisen also in the characterization of the 
water-insoluble constituents which comprise the cytoskeletal and plasma 
membraneous protein components (1, 2). 
About 35% of the lens wet weight consists of structural proteins. The 
so-called crystallins constitute the bulk of the water-soluble fraction 
and account for 90% of the total lens protein (3). There are four crystal-
lin classes designated α-, β-, γ- and δ-crystallin. The occurrence of el­
and 6-crystallin is universal to all vertebrate species (4, 5). Birds and 
reptiles are the only vertebrates which do not seem to have significant 
amounts of γ-crystallin (6); instead, they express 6-crystallin polypep­
tides which are confined to these species (4, 7). Each crystallin class is 
composed of multiple polypeptides which -except for the γ-crystallin and 
ßs-crystallin chains- form multimeric proteins (1, 3). Individual crystal-
lin polypeptides have in general a slow rate of evolutionary change (Θ). 
Also within a family of crystallins the polypeptides have related amino 
acid sequences and share antigenic determinants, indicating that they are 
evolutionary related. The Aj- and B2-subunits of calf lens Ct-crystallin 
share 57% sequence homology (9, 10) and in chicken lens twelve 6-
crystallin polypeptides appear to be antigenically related, having an 
overlapping distribution of antigenic determinants (11). Protein 
sequencing has revealed four closely related γ-crystallin polypeptides in 
calf lens (12) and in chicken and duck lens there occur at least two very 
similar primary δ-crystallin gene products (13, 14). Elucidation of the 
primary structure of the principal calf lens ß-crystallin chain βΒ_ (15) 
and comparison of its sequence with that of the major γιι-fraction (16) 
from calf lens has revealed not only a distant relationship between both 
polypeptides but also sequence homology of the N- and C-terminal halves 
within each chain. This led Driessen et al. (15) to the conclusion that 
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the β- and γ-crystallins belong to the same superfamily of proteins which 
apparently originate from multiple genes evolved from a common ancestral 
βγ-sequence which first underwent an intragenic duplication. These data 
indicate that the presentday large variety of crystallin polypeptides has 
arisen by repeated duplications of a limited number of ancestral genes for 
each crystallin class. The complex diversity of the various crystallin 
polypeptides is even more increased by a widespread occurrence of post-
translational modifications of primary gene products by deamidation, 
cleavage and oxidation events during maturation and aging of the lens (1, 
3, 17, 18). 
After eight decades of intensive protein research the first data of 
crystallin biosynthesis became available in the early seventies. The lens 
systems of calf and chicken were the first to be explored for crystallin-
specific mRNAs (19, 20). Actually, the mRNAs encoding the calf lens 0tA2~ 
chain (21-23) and chicken lens 6-crystallin polypeptides (24) were among 
the first eukaryotic mRNA species which, isolated in a rather purified 
form, could be shown to direct the synthesis of a single specific poly­
peptide. Several other crystallin mRNAs from various sources have since 
then been identified although they could not be fractionated to purity 
with conventional biochemical techniques as sucrose density gradient 
centrifugation or denaturing gel electrophoresis (1, 25). The advent of 
recombinant DNA technology considerably facilitated the isolation via 
cDNA cloning of pure crystallin mRNA sequences and the corresponding 
genes came within reach of direct analysis. Up to now, there are several 
reports dealing with the isolation and characterization of crystallin-
specific sequences representing all four classes from various sources 
(26-441. These comprise sequences encoding a-crystallins of rat (26, 27) 
and mouse (28, 29), rat (26), mouse (30, 31) and chicken (32) ß-crystal-
lins, γ-crystallins of rat (26, 33, 34), mouse (35) and frog (36), and 
chicken δ-crystallins (37-44) . Various crystallin mRNAs are now known by 
number, molecular weight and sequence (26-28, 30, 32, 33, 35-37, 40, 42) 
and some genes have already been analyzed in considerable detail with 
respect to their structural organization and nucleotide sequence (29, 31, 
34, 38, 39, 43) or expression (41, 44). Some of these reports confirm 
the data inferred from protein research that each crystallin class con­
tains a family of related genes arisen by duplication of common ancestral 
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sequences (31, 43, 34, 38, 39, 43). 
Lens α-crystallin and C£££esponding_mRNAs 
The polymeric α-crystallin is a major constituent of all vertebrate 
species (1, 4). It has an average molecular weight of about 800,000 Da and 
results from the aggregation of four major monomeric subumts, designated 
otAi, aA2, oiBj and 0tB2 (45). Only OA 2 and 0tB2 are under direct genetic 
control (21, 22) whereas the other two arise as posttranslationally 
modified derivatives by the process of deamidation (46-48). The A 2- and 
B2-subunits of calf lens α-crystallin are synthesized on 14S and lOSmRNAs, 
respectively (21, 22). The 10S aB2-mRNA is compatible with the size of its 
primary gene product, M
r
 20,070 Da, comprising 175 amino acid residues 
(10). The 14S aA2-mRNA has a molecular weight of about 500,000 Da as 
judged from its mobility on Polyacrylamide gels in the presence of 
formamide (49). This size which corresponds to approximately 1400 nucleo­
tides is nearly three times larger than required to code for the OA2-poly-
peptide, M
r
 19,830 Da, containing 173 residues (9). Chen and Spector (50) 
concluded from their experimental data that the calf lens (XA2-mRNA 
represents a bicistronic message. The implies the occurrence of two 
translation initiation sites on this mRNA which, however, seems unlikely 
in view of the finding that its biosynthetic activity is virtually 
inhibited by cap analoques affecting presumably only the 5'-terminus (51). 
Also rat lens ав 2 and aA_ are encoded by 10S and 14S mRNAs, respectively 
(52). Surprisingly, the rat lens 14S mRNA fraction appears to direct the 
synthesis of an additional minor αΑ-chain next to the major (XA2-poly-
peptide. This minor primary gene product, designated αΑ , is identical 
to aA 2 except for an insertion of 22 amino acid residues between 
positions 63 and 64 (53). Up to now, the occurrence of this elongated aA-
chain has only been reported for three other species, namely mouse, 
hamster and gerbil (53, 54). It has been speculated that the aAIns-poly-
peptide might originate by incomplete RNA splicing causing an intronic 
sequence or part thereof to be recovered into a gene product (54, 55). 
Outline 2f_this_stud^ 
The work described in this thesis primarily deals with the intriguing 
problems concerning the nature of the unusually large size of the aA-mRNAs 
and the molecular biological relationship between the rodent aA2- and 
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OAIns-chains in terms of gene organization and expression. As a source for 
the isolation of mRNA has been chosen the rat lens since its total mRNA 
population and crystallin polypeptides were already preliminarily charac­
terized in a previous study (52). An evaluation of this survey is 
presented in Chapter I where the rat lens crystallin polypeptides have 
been identified as primary gene products and posttranslationally modified 
derivatives. Chapter II describes the construction and characterization of 
cDNA clones representing mRNA sequences encoding a-, 0- and γ-crystallin 
polypeptides. Several recombinant DNA plasmids contained QiA-specific cDNA 
inserts. Sequence analysis of these cDNAs showed that the extraordinary 
size of the rat oiA2-mRNA is due to a long 3'-non-coding region comprising 
about 40% of the entire mRNA sequence. This is outlined in Chapter III. 
Similar results have also been obtained for the mouse aA2-mRNA (2Θ). The 
existence of a distinct 0AIns-mRNA in rat lens could be directly demon­
strated by partial size separation of the rat lens 14S mRNA fraction on 
methylmercury hydroxide containing agarose gels followed by a combination 
of blothybridization and in vitro translation of fractionated mRNA 
recovered from gel slices. In Chapter IV this technique is employed for a 
survey of the· total rat lens mRNA population as well as that from calf and 
duck lens. This resulted in the characterization with respect to molecular 
weight of most crystallin mRNAs which code for α-, β-, γ- and ó-polypep-
tides. The duck lens QtA2-mRNA was found to be considerably larger than the 
rat and calf lens aA2-mRNAs, which is most likely due to an even longer 
3'-untranslated sequence in the former species as compared to the latter 
ones. Furthermore, duck lens appeared to contain two differently-sized 
0iB2-mRNAs whereas only one species could be detected for rat and calf 
lens. In view of the fact that the aA2~protein sequence is evolutionarily 
highly conserved (56) the cloned rat cDNAs have been used to examine the 
genomic representation of the aA-crystallin genes within a wide variety 
of vertebrate species. These studies, described in Chapter V, strongly 
suggest that the aA-crystallin gene is represented as a single copy in 
the haploid genomes of reptiles, birds and mammals. Direct evidence has 
been provided for a single aA-gene in hamster DNA by a reconstitution 
experiment with a cloned hamster genomic DNA fragment containing most if 
not all of the aA-crystallin gene. These data imply that the aÄ2~ and 
aAIns-mRNA are both generated from a single gene by alternate splicing as 
14 
predicted previously (54, 55) and evidenced recently by King and 
Piatigorsky (29). It was shown that the aA2- and 0tAIns-mRNAs appear in a 
proportion similar to the ratio of the corresponding polypeptides found 
in vivo and in vitro. The patterns of evolutionary sequence conservation 
of both the OA-coding- and 3'-non-coding regions as well as the length 
representation of the latter sequences in the ultimate mPNAs are exten-
sively discussed. 
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CHAPTER I 
CLASSIFICATION OF RAT LENS CRYSTALLINS 
AND IDENTIFICATION OF PROTEINS ENCODED 
BY RAT LENS mRNA 
Eur. J. Biochem. (19Θ2) 128, 503-508 
Eur J Biochem I2H. 503-508 (1982) 
( FEBS 1982 
Classification of Rat Lens Crystalline and Identification of Proteins Encoded 
by Rat Lens mRNA 
Frdns RAMAEKERS, Huub DODEMONT. Pieler VORSTENBOSCH and Hans BLOEMENDAL 
Department of Biochemistry. University of Nijmegen 
(Received May 19 August 9 1982) 
Endogenous rat lens crystallins have been separated by gel filtration into four fractions, χ, β», β ι and -,-crys­
tallin. Elution patterns of soluble lens proteins from animals of different ages show a relative decrease of/?H and 
,-crystalhn during aging Conversely the relative amounts of α and /ij.-crystallin are enhanced The rat crystallin 
subunits from the four fractions were characterized by one-dimensional and two-dimensional gel eleclrophoretic 
techniques From the results a classification could be derived and a nomenclature for the soluble rat lens proteins 
is proposed The products synthesized by rat lens mRNAs in a heterologous cell-free system have also been 
characterized Co-electrophoresis of the radioactive products synthesized de novo together with the isolated 
unlabeled protein fractions on two-dimensional gels shows the relation between primary gene products and their 
posttranslationally modified derivatives 
Investigations on the total population of rat lens crystal­
lin mRNAs and their translation products urged us to develop 
a system for the identification of the individual polypeptides 
In particular we felt the need for a nomenclature of rat lens 
crystalline in order to facilitate discussions in recombinant 
DNA studies In previous studies on rat lens crystallins [1 — 8) 
combinations of gel filtration, sodium dodecyl sulphate Poly­
acrylamide gel electrophoresis and/or isoelectric focusing 
have been used for the identification of the soluble rat lens 
proteins In this paper we present a classification based upon 
size fractionation by gel nitration of the four native protein 
classes, and one-dimensional and two-dimensional gel elec­
trophoresis of their respective subunits or components We 
describe the identification of the polypeptides that arise by 
posllranslalional modifications of the primary gene products 
The nomenclature that we propose for the rat lens crystallin 
polypeptides is in accord, at least as far as possible, with the 
nomenclature introduced for the calf lens crystallins by 
Kibbelaar and Bloemendal [9.10] 
MATERIALS AND METHODS 
Animals, Materials and Reagents 
Wistar rats of different ages, as specified below, were used 
and obtained from MDL-TNO (Zeist, The Netherlands) 
Ullrogel АСА 34 and Sephadex G-200 (fine grade) were 
purchased from L К В (Bromma, Sweden) and Pharmacia 
(Uppsala, Sweden) respectively Oligo(dT)-cellulose (T2) 
was from Collaborative Research (Wallham, MA, USA) and 
L-[35S]methionine (spec act 500 Ci/mmol) was from the 
Radiochemical Centre (Amersham, UK). Melhylmercury 
hydroxide was bought as a I M stock solution from the 
Ventrón Division (Danvers, MA, USA) All manipulations 
involving polyribosomes and total cytoplasmic RNA were 
performed under RNase-free conditions Plastic and glass-
ware were autoclaved or heated for several hours at 220 С 
All solutions except detergents, which were directly dissolved 
in RNase-free water, were treated with 0 05",, (v/v) dielhyl-
pyrocarbonale (Fluka AG, Buchs, Switzerland) by rigorous 
shaking at room temperature followed by extensive boiling 
Isolation and Frattionalion of Rat Lens Proteins 
Animals, between 30 and 180 days in age, were used 
Lenses were dissected from rat eyes, decapsulated and 
stirred for 3 h at 4 С in a buffer containing 50 mM Tns'HCI 
at pH 7 5, 50 mM NaCI and 1 mM EDTA The 5000 χ
 K 
supernatant of this suspension contained the soluble lens 
proteins Fractionation of these proteins into four fractions 
was achieved by gel filtration either on Sephadex G-200 or 
Ultrogel ACA34 at room temperature with the isolation 
medium as running buffer Peak fractions were extensively 
dialyzed at 4 С against twice-distilled water and lyophilized 
One part of each fraction was dissolved in gel application 
buffer containing 60 mM Tns/HCI at pH 6 8, 2 1% dodecyl 
sulphate, 5°„ 2-mercaptoethanol, \0°/
o
 glycerol and Bromo-
phenol blue as a marker dye Samples were stored at — 20 "C 
One-Dimensional and Tno-Dimensional Gel Electrophoresis 
One-dimensional gel electrophoresis in dodecyl sulphate-
containing Polyacrylamide gels was performed according to 
Laemmli [11] with the modification that slab gels instead of 
gel rods were used The gels were 12 cm long and contained 
13°0 acrylamide, 0 4 ° o bisacrylamide and 0 1% sodium 
dodecyl sulphate In this method a stacking gel was applied, 
while staining with Coomassie brilliant blue and destaining 
were performed as described by Weber and Osborn [12] 
Two-dimensional gel electrophoresis, using isoelectric focus­
ing in 9 M urea in the first dimension and dodecyl sulphate 
slab gels as second dimension, was carried out as described 
by O'Farrell [13] Radioactive polypeptide bands or spots 
were visualized by fluorography [14] in combination with 
the drying procedure described by Berns and Bloemendal 
[15] 
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Isolation of Rat Lens Polyribosomes 
Decapsulated lenses from three-month-old rats were 
homogenized at 4 С in a buffer containing 50 mM Tris HCl 
at pH 7.4. 25 mM KCl and 5 mM MgC'h. The 5000 χ g super­
natant from this homogenate was brought to a final concen­
tration of 0.25 "„ (v v) sodium deoxycholate and 0.25 °0 (v/v) 
Nonidet P40 and centrifuged through a cushion of 2 M 
sucrose in the homogenization buffer at 4 С and 78 000 χ g 
for 16 h. The polyribosome pellet was resuspended in water 
and stored at — 80 C. 
Isolation. Fractionation and Characterization 
o) Rat Lens mRNAs 
Total cytoplasmic RNA from three-day-old rat lenses 
was prepared essentially by the method of Palmiter [16]. 
Briefly, whole lenses were homogenized with a loose-fittmg 
Dounce apparatus in a tenfold excess of ice-cold hypotonic 
buffer containing 25 mM Tris HCl at pH 7.5. 25 mM NaCl. 
5 mM MgCl2 and 2°„ (v v) Triton X-100. After lysis at 
0 С for 10 min the homogenate was centrifuged at 0 C. 
12000x# for 10 min. The supernatant was stored on ice 
and the pellet was thoroughly washed with the hypotonic 
buffer by syringing through small-gauge needles and centri­
fuged as above. After a second wash of the pellet the com­
bined supernatants were brought to a final concentration of 
1 mg/ml heparin and 100 mM MgCI2 and kept on ice for 
60 min. The precipitate was collected through a cushion of 
0.2 M sucrose in hypotonic buffer without Triton X-100 by 
centrifugation at 0 C. 20000 χ y for 30 min. Magnesium 
ions were removed by dissolving the pellet in 50 mM Tris 
HCl at pH 7.5. 50 mM 1.2-cyclohexylenedinitrilotetraacetic 
acid monohydrate. 0.25 "„ dodecyl sulphate, followed by 
ethanol precipitation overnight at — 20 C. The nucleic acid 
pellet was recovered by centrifugation and directly applied 
to oligo(dT) cellulose affinity chromatography [17]. The rat 
lens poly(A)-containing RNA thus obtained was fractionated 
on a 5 — 29% (w w) isokinetic sucrose density gradient after 
denaturation with 10 mM melhylmercury hydroxide as de­
scribed by Dodemont et al. [18]. The sucrose gradient was 
divided into 0.4-ml fractions and protein-synthesizing activ­
ity in each fraction was monitored in two different ways in a 
nuclease-treated rabbit reticulocyte lysate [19]. Either a 1-μ1 
aliquot from each fraction was directly assayed in the cell-free 
system or equal amounts of mRNA throughout the gradient 
were subjected to translation in vitro. In the latter case vari­
able volumetric amounts of mRNA were ethanol precip­
itated in the presence of 10 μg tRNA from Escherichia coli. 
The pellets were washed twice with 75 °„ ethanol, dried, 
resuspended into Ι μΐ water and finally assayed. Translation 
products were analyzed on dodecyl sulphate/polyacrylamide 
gels as described above. 
RESULTS 
Gel Filtration 
In order to fractionate the individual crystallin sub­
classes we used gel filtration on Sephadex G-200 or Ultrogel 
АСА 34 columns. The resulting separation patterns are 
shown in Fig 1. In the four panels the soluble native crystallins 
are presented from one. two. three and six-month-old rat 
lenses respectively. The most striking feature of these distri­
bution patterns is the decrease of both ¡iH and y-crystalhn 
A 
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Fig. 1. Gel filtration patterns (Sephadex O-200) of crystallins from (A) 
one. IBI two, ÍC) three and (Df six-month-otd rat lenses 
with increasing age and concomitantly the drastic increase 
in /iL-crystallin. which becomes the major fraction. We did 
not attempt to achieve complete separation between the 
high-molecular-weight x-crystallin (а
Н
м) and the a-crystallin 
fractions, which emerge together with the void volume. 
Erom previous experiments it was known that qualitatively 
both fractions comprise only α-crystallin subunits [4]. A 
one-dimensional electropherogram of the polypeptides pres­
ent in each of the four native crystallin fractions is shown in 
Eig. 2. In lane b the three types of rat ot-crystallin subunits aA. 
cd? and S(A'n\ present in the combined ot and «нм-crystallin 
peaks, are indicated. Polypeptides of the /i and or y-crystallin 
family do not occur here. The main differences between / ¡ H 
and /¡L-crystallin (lanes с and d) are represented by a /fH-speci-
fic band in the 30-kDa region and some quantitative differ­
ences, especially obvious for /ÎBp. which is the major band 
in the /¡L pattern. The y-crystallin fraction (lane e) results, 
when analyzed on a dodecyl sulphate/polyacrylamide gel. 
in a rather diffuse pattern with some more or less distinct 
polypeptide bands, which are all located in the 17 —22-kDa 
range. A comparison of the rat lens crystallin fractions with 
the complete mixture of calf lens crystallins (lane f) and 
bovine «-crystallin in the marker slot (lane a) shows that, 
although the rat «A chain is equal in size to the calf aA 
chain [20]. the apparent molecular weight of яА-crystallin 
from rat lens as deduced from this gel is markedly lower (see 
also [4—6]). Also the /JH-specinc component from rat lens 
(ßBia; asterisk) has a molecular weight which is apparently 
lower than the corresponding /¡н-specific bands from the calf 
(named /¡Bu and ßBib: arrow heads: see [21.22]). This 
does, however, not necessarily exclude the possibility that the 
actual lengths of the /îH-specific polypeptides from calf and 
rat are similar It is known that the differences in gel-electro-
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Fig. 2. One-dimensional dodecyl sulphatelPolyacrylamide gel electropho-
relic separation of the polypeptides present in the individual peak fractions. 
(a) Marker proleins: ct-crystallm (20000 Da); ovalbumin (43000 Da) 
and bovine serum albumin (68000 Da), (b — e) Crystallins from three-
month-old rat lenses, (b) а
Н
м and a-crystallin; (c) pVcrystallin, (d) ß\,-
crystalhn; (e) -/-crystallins. (0 Total water-soluble lens crystallins from 
three-month-old calf lenses Asterisk indicates rat lens /ÌBi,;arrow-
head indicates rat lens /)B4; arrows indicate calf lens /ÌBia and /Шіь 
phoretic behavior of the aA chains from rat and calf can be 
explained by minor differences between the amino acid 
sequences [20]. This may also be true for calf and rat /JBj 
sequences. 
Two-Dimensional Gel Electrophoresis 
Fig.ЗА — D shows two-dimensional gel-electrophoretic 
analyses of the α, ßH, ßb and y-crystallin fractions, respec-
tively, from three-month-old rat lenses. On the basis of these 
patterns we propose a nomenclature for the rat lens crystallins, 
based upon the following criteria. 
a) The polypeptide chains (or groups of chains) are de-v 
signated α, β or у after their occurrence under the respective 
gel chromatographic peaks, а
Н
м and а, Днцгы and /?L«m>, 
and γ. 
b) The α and ß-crystallin chains are subsequently named A 
(acidic) or В (basic) according to their isoelectric points. The 
division between acidic and basic polypeptides is fixed be­
tween /?B5 and otA'"*. For the y-crystallins such a subdivision 
is not feasible and therefore not introduced, since all ys have 
basic isoelectric points. 
c) The polypeptides are further identified according to 
their isoelectric points, the lowest number representing the 
most basic component. When more components have iden­
tical isoelectric points the one with the highest molecular 
weight has been given the lowest number. One exception has 
to be made in this respect in order to avoid confusion in the 
literature. Since the я-crystallin subunits from rat have exten­
sively been described [4—7], we adapt the nomenclature for 
these polypeptides as suggested by Cohen et al. [5]. The com­
ponents will, therefore, be named аА, aB and otA1"*. 
d) Posttranslationally modified polypeptides of known 
identity will be named after the primary gene product from 
which they are derived. The primary /ÌBi product for example 
will be marked a, while its derivative is marked b. Also here 
Як 
/88, AA> 
Fig. 3. Two-dimensional gel electrophoretic separations of f A) a, (B) /jH, (C) βί and (DJ '¡-crystallins from three-month-old rat lenses For descrip-
tion of the nomenclature see text IFF, isoelectric focusing; SDS, sodium 
dodecyl sulphate 
we must make an exception for the ot-crystallin constituents. 
Primary gene products are called aA2, aA lns and aB2, while 
their well-established deamidation products are named αΑι 
and aBi. 
For the nomenclature based on these criteria we refer to 
Fig.ЗА — D . Earlier studies in our laboratory [6] revealed 
the occurrence of a genetically highly interesting aA-type 
chain in rodent a-crystallin, named «A'n*. This latter compo­
nent has been shown to be identical to aA2 except for an inser­
tion of 22 amino acids in internal position between residues 
63 and 64 of the aA2 chain. The localization of this additional 
chain relative to aA and aB could easily be indicated on the 
electropherogram shown in Fig.ЗА since the electrophoretic 
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Fig 4. Fractionation and characterization of rat lens poly(A)+ RNA- (A) Absorption profile of the isokinetic sucrose density gradient containing 
rat lens mRNA (B) Fluorograph of the dodecyl sulphate gel electrophoretic separation of products newly synthesized in a reticulocyte cell-free 
system under direction of equal amounts (0.15 μg) of mRNA from the sucrose gradient fractions shown in (A). Marker proteins: [l*C]methylated 
proteins including myosin (200000 Da); Phosphorylase b (92500 Da); bovine serum albumin (68000 Da); ovalbumin (43000 Da); carbonic anhydrase 
(30000 Da) and lysozyme (14300 Da), a = a-crystallin; γ = y-crystallins. β = /ï-crystallins. С = cytoskeletal proteins including actin. tubulin and 
vimentin 
behavior of this polypeptide both on isoelectric focusing and 
dodecyl sulphate-containing gels was known [4]. There are 
also a few weaker spots, which have not been identified hith­
erto. They may well represent shortened and/or deamidated 
polypeptides, similar to such chains detected in bovine lens 
[9,23]. The fact that the latter components are not found 
among newly synthesized a-crystallin (see below) supports 
the assumption that they are posttranslationally modified. 
The electrophoretic pattern of the /i-crystallins is much more 
complicated. About ten components can be observed, both 
in the /Зн (Fig.3B) and in the pVcrystallin class (Fig. 3C). 
Qualitatively the differences between the two patterns are 
not very pronounced. As in many mammals [21] the rat lens 
β
Η
 fraction is characterized by two highly basic chains 
designated /ÍB,a and 0Bib, respectively (cf. [9,10,18,22,24]). 
With regard to these polypeptides the βι pattern differs 
remarkably from the β
Η
 pattern in that the /ffii
a
 polypeptide 
is only present in a trace amount in /?L-crystallin. Furthermore, 
/¡B4 (which may be comparable to /ÌBp in the calf lens system) 
is obviously the main component in the /îL-crystallin fraction. 
Similar to the calf /J-crystallin distribution pattern, acidic 
chains are found which have been named rat lens /¡Ai, /ÍA2 
and /ÍA3, respectively. 
The components found in the low-molecular-weight crys-
tallin fraction have been numbered consecutively y,— γι 
(Fig. 3D). Much work has still to be done in order to improve 
the characterization of the individual polypeptides of this 
group. Sequencing of cloned 7-crystallin-specific cDNAs 
derived from the corresponding mRNAs [18] has revealed 
already that one y-crystallin polypeptide corresponds, to a 
large extent, to the /II fraction from the calf [25,26], whereas 
another chain is similar in sequence, but by no means iden­
tical [35]. This means that the two proteins represent different 
gene products. 
Polypeptides Encoded by Rat Lens mRNA 
The classification described was used for the identification 
of the products of cell-free translation directed by isolated rat 
lens polyribosomes and mRNAs. From these experiments 
we could, to a certain extent, also distinguish between primary 
products of translation and their posttranslational derivatives. 
In initial experiments rat lens polyribosomes were assayed 
for cell-free translation and the resulting translation products 
analysed on one-dimensional gels. These studies did, however, 
not give conclusive data on the primary gene products in 
quantitative as well as in qualitative respect because of over­
crowding of products in similar molecular weight ranges 
(data not shown). Therefore, total rat lens mRNA was frac­
tionated on an isokinetic sucrose density gradient after dena-
turation with methylmercury hydroxide [18]. Fig. 4 shows a 
typical example of the gradient profile obtained. Fractionated 
mRNA was translated in two different ways. Either a 1-μ1 
aliquot of each individual gradient fraction was directly 
assayed for translation in vitro, irrespective of the amount of 
mRNA present, or in the other approach equal amounts of 
mRNA. recovered by ethanol precipitation from the gradient 
fractions, were analyzed. The first method is merely a confir­
mation of the high mRNA resolution (cf. Fig. 2 in [18]). We 
observed that the 10-S peak comprises mRNAs which code 
for the 0Í.B2, /ÌBp and y-crystallin polypeptides. The 12-S peak 
contains /ÍBia mRNA, whereas the mRNAs coding for the 
orA2/«Alns subunits are present in the 14-S peak. In the 
16 — 18-S range of the gradient mRNAs sediment that code 
for proteins which comigrate with the established cytoskeletal 
proteins derived from calf lens, namely actin, tubulin and 
vimentin [27 — 29] as well as some other yet unidentified 
polypeptides. 
The second method, based upon translation of equal 
amounts of mRNA, may provide a better insight into the 
relative abundance of all possible in vitro translation products 
actually encoded by the mRNAs in each gradient fraction 
(Fig. 4B). As a result y-crystallin-synthesizing capacity is 
detected in the 16—18-S peak region. This is obscured when 
mRNAs were assayed for translation in vitro according to 
the first procedure. An explanation for this phenomenon 
may be found in the fact that the 7-crystallin mRNAs which 
actually appear in the 10-S region of the gradient [18] are 
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Fig. 5. Two-dimensional gel eleetrophorelic pattern of polypeptides newly 
synthesized under the direction of rat tens polyribosomes 
so abundant that they trail in a shallow curve towards 
higher sedimentation values. Moreover they have proven 
to be extremely active templates in protein biosynthesis 
(Dodemont, unpublished) as compared to the cytoskeletal 
mRNAs, which are present in the 16—18-S range [30,31]. 
The final identification of the newly synthesized rat lens 
crystallin polypeptides was achieved by two-dimensional gel 
electrophoresis. By co-electrophoresis of the radioactive prod­
ucts with the unlabeled proteins present in the native tx, β». 
/>i and y-crystallin classes we were able to identify those crys­
tallin constituents which are primary gene products. Fig. 5 
shows a typical two-dimensional gel pattern of the total mix­
ture of newly synthesized rat lens polypeptides under the 
direction of polyribosomes from three-month-old rat lenses 
in a reticulocyte lysate. Certain chains are absent or almost 
below detection level as compared to control crystallin gel 
patterns. Therefore, it is assumed that all y-crystallin poly^. 
peptides except y4 crystallin are primary gene products. Also 
/>Bla, /?B4. /¡B5 and />A2 as well as аВг, аА2 and аА'"
!
 are 
clearly newly synthesized. This result was confirmed upon 
translation of partially purified poly(A)* RNA from rat 
lens (not shown). 
Polypeptides probably arising by posttranslational modi­
fications comprise αΑι, αΒι, βΒι ь (present in a minute amount 
in the gel in Fig. 5). ßB2, ßB3, ßA3 (also hardly detectable) and 
y4. We cannot conclude from our data whether or not /fAi is a 
product arisen by posttranslational modification since on 
the 2D-gel this polypeptide comigrates exactly with aAlns 
(compare Fig. 3 В and 5). 
DISCUSSION 
The availability of the two-dimensional gel electrophoretic 
patterns of the water-soluble rat lens crystalline shown in this 
study is not only a prerequisite for the identification of cloned 
rat crystallin cDNAs, described recently [18], but is also 
extremely useful in aging studies of rat lens proteins. Although 
the established classification of calf lens crystalline [9,10] is 
of some help for the identification of spots on rat lens crys­
tallin two-dimensional gel patterns, a number of obvious 
differences have been demonstrated. In particular the abun­
dance of y-crystallin components in young rat lenses is 
striking. From the gel filtration patterns in Fig. 1 it appears 
that in young rat lenses (3 months old) y-crystallin is the major 
fraction. This is in agreement with our finding that polyribo­
somes from 3-month-old lenses, as well as mRNAs from 
newborn rat lenses, direct the synthesis of high amounts of 
y-crystallin polypeptides in a reticulocyte lysate. The closely 
similar molecular weights of the y-crystallins further explain 
why these polypeptides appear as a smear in the one-dimen­
sional gels. 
During aging a decrease in the y-crystallin peak is seen 
on the protein distribution pattern after gel filtration. On the 
other hand the amount of /¡L-crystallin increases upon aging, 
apparently at cost of a decrease of the /JH-crystallin peak. In 
calf lens the opposite effect is seen. There, the ßi. peak de-
creases upon aging, while a small increase in the ßH fraction 
is observed [32]. Concomitantly, ßBt, (which in calf lens is 
a jßH-specific component) is gradually modified posttranslatio-
nally into 0Віь- Vermorken et al. [24] have suggested that 
jSBib, therefore, may be necessary for the formation of β» 
aggregates In the rat lens both /ÏBla and ßBlt, occur in ßH 
(Fig.3B), while ßBn, also occurs in ßL (Fig.3C). On the 
basis of this striking result it is tempting to speculate about the 
role of /ÎB,b in the rat lens system in the formation of fiL 
aggregates, but a general model for the assembly of /î-crys-
tallin aggregates and the possible interconversion of ßL and ßH cannot be put forward yet. 
By comparison of two-dimensional gel patterns of crys-
tallin polypeptides present in the rat lens with their de novo 
synthesized counterparts, primary gene products could be 
distinguished from posttranslationally modified derivatives. 
Those products that occur in vivo in appreciable amounts but 
are lacking completely, or are present only in minute amounts, 
upon translation of rat lens polyribosomes are denoted as 
posttranslational modifications. Since methionine is present 
in all crystalline we presume that all newly synthesized poly-
peptides are visualized in our experiments. 
The exact nature of posttranslational modifications of the 
newly synthesized products is still unclear. As can be seen in 
Fig. 5, rapid modifications also seem to occur in the reticulo-
cyte cell-free system, since minute amounts of /ÎBn, and ßA3 
can already be detected after 1 h of incubation. Proteolytic 
activity in the reticulocyte lysate may be responsible for the 
observed modifications, i.e. changes in size and charge. 
For calf lens /Жц, such a modification has been suggested 
[33]. Next to limited proteolysis, modifications such as 
deamidation may occur, while acetylation may be incom­
plete. This will result in the formation of more or less acidic 
polypeptides respectively. 
The nomenclature described above should be considered 
merely as a guide to enable easy communication between 
workers in the field of rat lens crystallins, but may not be, 
a priori, applicable to other species (cf. Berbers et al. [34]). 
Only a thorough study of crystallin-specific cDNA sequences 
and their corresponding genes will provide a definite answer 
about the exact identity of the individual polypeptides de­
scribed and their interrelationships. 
This investigation was carried out partly under the auspices of the 
Netherlands Foundation for Chemical Research (SON) with financial 
aid from the Netherlands Organisation for the Advancement of Pure 
Research (ZWO) 
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CHAPTER II 
MOLECULAR CLONING OF mRNA SEQUENCES 
ENCODING RAT LENS CRYSTALLINS 
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Molecular cloning of mRNA sequences encoding rat lens crystalline 
(double-slranded cDNA synthesis/recombinant DNA/hybrid-selected translation/cryslallin mRNA homology) 
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ABSTRACT To provide access to crystallin-specifie DNA se-
quences, we have constructed plasmid clones bearing duplex DNA 
sequences complementary to crystallin mRNAs isolated from rat 
lens. Optimization of the cDNA reaction conditions enabled us to 
fractionate three double-stranded (ds) cDNA groups. Molecular 
cloning of dC-tailed ds cDNAs into the Pst I site of dC-tailed 
pBR322 yielded crystallin-specific clones of each group. By means 
of positive hybridization selection and translation, recombinant 
plasmids containing cDNA sequences coding for rat lens polypep-
tides from or-, β·, and y-crystallins could be identified. The es­
tablished cDNA clones have been used for a blot-hybridization 
analysis to map the crystallin mRNAs from which they originated. 
Both procedures revealed a high degree of homology between the 
y-crystallin sequences. From the 0-crystallin class, the /^-spe­
cific cDNA coding for the ßBla polypeptide was obtained. The orA-
chain clone did not show any cross-hybridization to the aB-chain 
mRNA despite the existence of 60% homology between the cor-
responding gene products. As this clone hybridized to both a\2 
and ttAlni mRNAs, sequence analysis was applied for further char-
acterization. The results showed that the cloned cDNA corre-
sponds to the aA2 sequence exclusively. 
The structural proteins of the ocular lens, named crvstallins, are 
particularly suited to the studv of differentiation, growth, and 
aging (1, 2) for obvious reasons First, lens pol vr ι bosom e s are 
highly specialized for the synthesis of the crvstallins that rep­
resent about 90% of the lenticular proteins Second, lens cells 
never die during the lifespan of the animal Once formed from 
the epithelial monolayer, the enucleated lens fibers which con­
tinue to synthesize crystallin for some time are pushed to the 
central part of the lens (nucleus), while new epithelial cells dif­
ferentiate into new fibers in a slow but continuous process 
Because there is no detectable turnover of crvstallins, all 
changes in their structure are due to aging The importance of 
the rat lens crystallin system for aging and cataract studies has 
been demonstrated by Hockwin and coworkers (3, 4) The bio­
chemistry of the crvstallins has been studied in great detail with 
emphasis on subunit composition, biosynthesis, and structure 
(2, 5, 6) From the latter studies, it appeared that lenticular 
proteins are extremely conservative in evolution (7) Moreover, 
there exists a close relationship between the subunits of one 
particular type of crystallin For instance, the subunits of a-
crystalhn reveal about 60% homology suggesting that thev orig­
inate from one ancestral gene Although it is well known that 
lens cell differentiation is accompanied by qualitative and quan­
titative changes in crystallin synthesis (8), nothing is known 
about regulation on the gene level Some progress on gene or­
ganization has already been made by Piatigorskv and coworkers 
(9), who detected at least two genes for chicken lens 6-crystallin 
The publication costs of this* article were defrayed in part bv page charge 
payment This article must therefore be hereby marked ' advertise­
ment" in accordance with 18 U S С §1734 solely to indicate this fad 
Previous investigations on lens RNA confronted us with a 
vanetv of interesting problems For instance, the svnthesis of 
the major α-crvstalhn chain A2, a polypeptide of M, 20,000, 
appeared to be directed bv a 14S mRNA, large enough to en­
code two polypeptides of that size (10) Still, it is neither firmlv 
established nor ruled out that this mRNA is bicistronic (11) or 
whether its translation product is processed bv modifications 
after translation or simplv contains large regions of secondar} 
structure (12) Furthermore, there is the intriguing observation 
of an additional rat a\2 chain with 22 extra amino acids in in­
ternal position of the molecule, which is also encoded bv 14S 
mRNA (13) Although we speculated that we might have here 
a rare example of distortion of the splicing mechanism (14, 15) 
recovered in a gene product, a definite answer has not vet been 
given to this question Other quite unexpected findings in the 
crvstalhn field are the internal duplication of the major /3-crvs-
tallin chain Bp and its homology, with y-crvstallin (16), which 
in turn is also internallv duplicated Understanding of these 
phenomena will require knowledge of the structure of the cor­
responding genes For this reason we have subjected the total 
population of crvstalhn cDNAs to cloning in a bacterial plasmid, 
which will be helpful to studv and eventually to solve the prob­
lems raised 
MATERIALS AND METHODS 
Isolation, Fractionation, and Characterization of Rat Lens 
mRNAs. Preparation of poly(A)-containing RNA was essentially 
as described (13, 17) The mRNA samples were heat-denatured 
at80°Cfor2min, cooled rapidly, made 5 m M in methylmercury 
hydroxide (Alfa Ventrón, Danvers, MA), and layered on isoki-
netic 5-29% (wt/wt) sucrose gradients containing 10 mM 
Tns-HCl (pH 8 0) and 1 mM EDTA Centnfugation was at 
200,000 ж g, and 4eC for 24 hr in a Beekman S W 41 rotor Cell-
free translation of individual mRNA fractions and analysis of 
radiolabeled polypeptides were as described (13, 18) 
Construction of Recombinant Plasmids and Transforma­
tion. Synthesis of double-stranded (ds) cDNA was by standard 
procedures, except that single-stranded (ss) cDNA was lyoph-
ihzed to a small volume for direct synthesis of the second strand 
After SI nuclease digestion, the ds cDNA was fractionated on 
a neutral agarose gel ds cDNA and Pst I-digested pBR322 were 
tailed by terminal transferase homopolymer addition (about 30 
residues) of polv(dC) and poly(dC), respectively (19) After hy­
bridization, the recombinant plasmids were used to transform 
Escherichia colt ^"1776 as described (20) Tetracychne-resistant, 
ampicilhn-sensitive colonies were subjected to colony hybrid­
ization (21) with 32P-labeled crystallin-specific cDNA All ex­
periments were performed under P2-EK2 containment con-
Abbreviations ds double stranded, ss, single stranded, DMBdiazoben-
7vloxvmethyl 
*To whom reprint requests should be addressed 
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ditions in accordance with the Dutch guidelines for recombinant 
DNA research. 
Isolation of Plasmid DNA. For rapid screening of recombi-
nant plasmid clones, plasmid DNA was isolated from 10-ml cul-
tures as described by Birnboim and Doly (22). Large-scale iso-
lation of closed circular plasmid DNA was as described (23). The 
DNA was further purified by CsCl density gradient 
centrifugation. 
Positive Hybridization/Translation Assay. For identifica-
tion of crystallin cDNA clones, 3-4 μg of purified plasmid DNA 
was linearized by EcoRI or Hinft digestion, denatured (5 min 
at 100°C) and spotted in 0.9 M NaCl/0.09 M sodium citrate, 
pH 7, on nitrocellulose. Hybridization to total rat lens 
poly(A)+RNA and washing conditions were as described by 
Griffin-Shea et al. (24). Hybridized mRNAs were eluted from 
the filters and assayed by cell-free translation. 
Nucleic Acid Electrophoresis and Blot-Hybridization. Elec­
trophoresis of DNA and RNA was carried out on vertical 20-cm 
1.5% agarose slab gels containing 5 m M methylmercury hy­
droxide (25). For blot-hybridization analysis, RNA and DNA 
were transferred to diazobenzyloxymethyl (DBM) paper and 
hybridized (26, 27) with either 32P-labeled nick-translated 
probes derived from crystallin cDNA clones or 32P-labeled 
cDNA made on poly(A)-containing crystallin RNA (specific ac­
tivities, 5 X 108 and 1-2 X 10* cpm/^g, respectively). 
DNA Sequence Determination. Sequence analysis of DNA 
was performed as described by Maxam and Gilbert (28). 
RESULTS 
Isolation and Identification of Rat Lens mRNAs. Fig. 1 
shows the two-dimensional gel electrophoretic analysis of poly­
peptides newly synthesized under direction of rat lens polyri­
bosomes. Among these products, the previously characterized 
(13) aA2, arB2, and aA l n s subunits could be distinguished 
clearly. Moreover, /3Bp, /3Bla. other β subunits, and several y-
crystallins could be seen. In order to enrich for specific crys­
tallin mRNAs, the total poly(A)+RNA was fractionated by su­
crose gradient centrifugation. The mRNAs sedimenting be­
tween 10 S and 15 S were resolved into two peaks (not shown) 
and designated "class I" and "class II". The 10S peak (fractions 
16-21 in Fig. 2) comprised the mRNAs coding for the αΒ2. βΒρ, 
and the y-crystallins. The 12S-15S peak {fractions 22-25) con­
tained the mRNAs for the /3B]a and aAjaK1"* subunits. The 
data were confirmed by two-dimensional gel electrophoresis of 
the translation products. 
Isoelectricfocusing -» 
— 0ßla 
Fraction —» 
FIG. 2. Translation of rat lens poly(A)'RNA fractions. Poly(A)-
containing RNA was denatured with 5 mM CH3HgOH and centrifuged 
on a sucrose gradient as described. From each 0.3-ml fraction, a \-μ\ 
aliquot was directly assayed for translation in vitro. The translation 
products were subsequently electrophoresed on a 13% (wt/vol) Na-
DodS04/Polyacrylamide gel 
ds cDNA Synthesis. Classes I and II mRNA were separately 
subjected to ds cDNA synthesis. The yields determined by ra­
dioactivity measurements usually were about 80% and 50%, 
respectively, for the first and second strand synthesis. The prod­
ucts obtained after each of the two steps were analyzed on 1.5% 
agarose gels in the presence of methvlmercurv hvdroxide (Fig. 
3). 
After the first reaction, discrete bands were observed on the 
original au to radiographs, indicated in Fig. 3 by arrows. Class 
II-
-ÜSL 
сщ ад
1
"» 
FIG. 1. Two-dimensional gel electrophoresis pattern of polypep­
tides newly synthesized under the direction of rat lens polyribosomes. 
Rat lens polyribosomes were assayed in a nuclease-treated rabbit re­
ticulocyte cell-free system as described (13). The translation products 
were analyzed on a two-dimensional gel by the method of O'Farrell 
(18). The identification and nomenclature of the rat lens crystalline 
is included. 
1 3 
FIG. 3. Double-stranded DNA synthesis of rat lens mRNAs. Rat 
lens mRNAs, classes I and II, were subjected to first and second strand 
synthesis, and from each reaction an aliquot was applied on a vertical 
20-cm 1.5% agarose slab gel containing 5 mM CH3HgOH. Autoradi­
ography reveals the presence of four ss transcripts <la-4a) after re­
verse transcription of rat lens class I mRNA (lane 1) and three addi­
tional ss transcripts (5a-7a) derived from class II mRNA (lane 3). Other 
lanes. 2 and 4, hairpin transcripts after the second reaction with class 
I and class II cDNA, respectively (lb-7b); 5, Hae HI restriction frag­
ments of bacteriophage M13 replicative form DNA32P-labeled at the 
5'end, with sizes of the three largest fragments being (in single-strand 
form) 2527,1623, and 849 bases; 6 and 7, full-length reverse transcripts 
from rabbit a- and /3-globin mRNA and rat liver albumin mRNA, re­
spectively. Bands designated 4a, 5b, 7a, and 7b are minor constituents 
only visible on the original autoradiograph and here indicated by 
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FIG. 4. Crystallin-specificity of the cDNA inserts. Recombinant 
Plasmids were digested with Pst I and applied on a vertical 20-cm 1.8% 
agarose slab gel. (A) Ethidium bromide-stained gel. Faint Pst I frag­
ments are indicated by arrowheads. Taq I and Ηρα II digests of bac­
teriophage M13 RF DNA, respectively, served as size standards (lanes 
1 and 2) for Pstl digests of plasmids Dl-11 (lane 3), C2-11 {lane 4), 
C2-14 (lane 5), Dl-15 (lane 6), C2-16 (lane 7), B2-12 (lane 8), B i l l 
(lane 9), and Bl-13 (lane 10) bp, Base pairs. (B) Autoradiograph after 
hybridization to 32P-labeled probes of the DNA fragments in lanee 1-
10 transferred to DBM paper The blot was cut into two pieces. Lanes: 
1 and 2, hybridization with 32P-labeled, nick-translated M13 RF DNA; 
3-10 hybridization with 32P-labeled cDNA made on crystallin 
poly(A)'RNA 
I mRNA showed four ss cDNA transcripts (la-4a), whereas class 
11 mRNA showed three additional bands (5a-7a). The length of 
these seven transcripts corresponds to 680-1200 bases, in good 
agreement with full-length transcripts derived from mRNAs of 
the 10S-15S region. Our first strand conditions are not unique 
for crystallin mRNAs because similar results were obtained with 
rat liver albumin and rabbit a- and 0-globin mRNAs (Fig. 3, 
lanes 6 and 7). 
The isolated ss cDNAs from both mRNA classes were then 
subjected to the second reaction. About half of each ss cDNA 
(la-7a) was not transcribed. However, the other part clearly 
became elongated to the hairpin ds cDNAs (lb-7b). They may 
be considered to be full length because their size is almost twice 
that of ss transcripts that carry the З'-end hairpin loop. Next, 
the hairpin ds cDNAs derived from class I and class II mRNAs 
were cleaved with SI nuclease into their open forms, which 
were fractionated on a neutral agarose gel. Three DNA bands 
with sizes ranging from 600-700 base pairs (group B), 800-900 
Table 1. pBR322 clones containing sequences homologous to rat 
lens crystallin mRNAs 
I 
Dl-2 
Dl-11 
Dl-15 
C2-11 
C2-14 
C2-16 
Bl-11 
B2-12 
Bi-13 
II 
pRLoA-1 
pRLaA-2 
pRLo%3 
pRLßBl-1 
pRL/3Bl-2 
pRL/3Bl-3 
p R L r l 
pRL^2 
pRL^3 
III 
870 
840 
770 
840 
835 
825 
710 
660 
760 
IV 
aA2 + aA , n ' 
αΑ2 + οΑ
, η
· 
αΑ2 + αΑ
Ι η
· 
/ЗВІа 
/ЗВІа 
/ЗВІа 
У 
r> 
у* 
base pairs (group C) and 1100-1200 base pairs (group D) could 
be isolated They represent the 10S-, 12S-, and 14S-specific ds 
cDNAs, respectively, ds cDNAs of less than 500 base pairs 
(group A) were discarded. 
Isolation and Identification of Hybrid Plasmids Containing 
DNA Complementary to Crystallin mRNA. After hybridization 
of the three dC-tailed ds cDNA groups with dG-tailed, Pst I-
cleaved pBR322, the recombinant DNA was used to transform 
£. coli ^1776. The transformants were screened for the tetra-
cycline-resistant. ampicillin-sensitive phenotype and, by colonv 
hybridization with P-labeled cDNA, synthesized on rat lens 
crystallin mRNA From approximately 100 original recombi-
nant clones in each group, 40 were randomly chosen for further 
analysis. Plasmid DNA was isolated from each clone and 
screened for insert length on 0.8% agarose gels. Three clones 
in each group that had the longest DNA inserts were chosen 
for large-scale plasmid DNA isolations Small aliquots were di-
gested with Pst I, followed by electrophoresis on 1.8% agarose 
gels. 
Fig. 4A shows the digestion patterns of these clones Some 
of the inserts contained internal Pst I sites resulting in two or 
more DNA fragments (Fig. 4A, lanes 4 and 8-10). In the case 
of the clone shown in Fig. 4A, lane 5, only one of the flanking 
Pst 1 sites was recreated after the transformation, yielding a lin-
earized plasmid molecule. As estimated from representative 
bacteriophage M13 size markers, the total length of the DNA 
inserts was between 660 and 870 base pairs (Table 1). To as-
certain that all inserted DNA fragments were crystallin-specific, 
the agarose gel shown in Fig. 4A was blotted to DBM paper and 
hybridized with 32P-labeled cDNA derived from crystallin 
mRNA. The autoradiograph shown in Fig. 4B shows that all 
cDNA inserts indeed represent crystallin-specific sequences. 
Characterization of the Clones by Hybrid-Selected Trans-
lation. To investigate the relationship between the cloned se-
quences and specific rat lens crystallins, mRNA was selected 
<-/SBla 
I, isolation number; П, clone nomenclature; Ш, insert length (base 
pairs); IV, translation products from hybridization-selected mRNAs. 
1 
FIG. 5. Identification of clones by hybridization/translation as­
say. Specifically hybridized mRNAs were translated m uiíro and their 
translation products were analyzed on a 13% NaDodS04/polyacryl-
amide gel. Polypeptides encoded by hybrid-selected mRNAs were de-
rived from plasmids pBR322 (lane 1, control), Bl-11 (lane 2), Bl-13 
(lane 3), B2-12 (lane 4), C2-14 (lane 5), C2-16 (lane 6), Dl-1 (lane 7), 
and Dl-2 (lane 8). Lane 9 shows the translation products of the initial 
unfractionated poly(A)*RNA from rat lens. 
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FIG. 6. Characterization by two-dimensional gel electrophoresis 
of in vitro translation products from the hybridization/translation as-
say of crystallin-specific clones. Two-dimensional gels were loaded 
with the translation products derived from the hybrid-selected mRNAs 
and analyzed by fluorography. (A) Translation products of mRNAs 
that hybridized to plasmid Bl-11 {Fig. 5, lane 2); a mixture of several 
•y-crystallins can be observed. (B) Products of mRNA that hybridized 
to plasmid C2-16 (Fig. 5, lane 6); only one polypeptide /3Bla, the major 
characteristic component of the 0H-crystallin class, is detected. (C) 
Products of mRNA that hybridized to plasmid Dl-2 (Fig. 5, lane 8); 
both the aA2 and aAln' polypeptides are detected. 
from total poly(A) + RNA by hybridization to plasmid DNA im-
mobilized on nitrocellulose filters and subsequently translated 
in vitro. The translation products of the clones in Table 1 are 
shown in a fluorograph of a NaDodS04/polyacrylamide gel in 
Fig. 5. Ілпе 9 shows the polypeptides encoded by the initial 
unfractionated mRNA. As can be seen, the crystallins are the 
most abundant species. I>ane 1 shows the background radio­
activity after mock-hybridization to filter-bound pBR322 DNA. 
The translation products of mRNA that specifically hybridized 
to chimeric DNA from clones isolated after transformation of 
group-B ds cDNA can be seen {lanes 2-4). These polypeptides 
had mobilities corresponding to those of the γ-crystallins. Be­
cause they appeared as a smear rather than a sharp band, we 
presumably were dealing with a mixture of several -y-crystallins. 
This was sustained by two-dimensional gel electrophoresis of 
the translation products. Fig. 6A shows a representative analysis 
of a B-group clone, (Bl-11). Apparently, this plasmid DNA is 
able to hybridize with several -y-crys tal lin- specific mRNA spe­
cies. Nonspecific hybridization is unlikely because hybridiza­
tion was carried out under rather stringent conditions (see be­
low). Similar results were obtained with clones B2-12 and Bl-
13. All three clones showed a remarkable resemblance with 
respect to their hybrid-selected translation patterns, despite the 
fact that they differed in their restriction enzyme maps. 
Translation products from two clones, which were isolated 
after transformation with group-C ds cDNA, are seen in Fig. 
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FIG. 7. Detection of rat lens crystallin RNAs by blot hybridization. 
Unfractionated rat lens poly(A)"RNA (10 ¿ig) was subjected to elec-
trophoresis on a vertical 20-cm 1.5% agarose slab gel in the presence 
of 5 mM CH3HgOH. After transfer to DBMpaper, the blot was cut into 
four parts, which were then hybridized to P-labeled, nick-translated 
crystallin sequence probes pRLy-2 (lane 1), pRLy-3 (lane 2), pRLßBl-
2 (lane 3), and pRLaA-1 (lane 4). Arrowheads indicate the position of 
marker RNAs (18S rat lens rRNA, 16S E. coli rRNA, and 9S rabbit 
globin mRNA). 
5, lanes 5 and 6. Both clones selectively hybridized to mRNA 
that directs the synthesis of a polypeptide comigrating with the 
B,a subunit of /3-crystallin. Analysis on two-dimensional gels 
confirmed the identity of the polypeptide with ßhu (Fig. 6B). 
Translation of hybrid-selected mRNA to the recombinant 
plasmids derived from group-D ds cDNA yields polypeptides 
comigrating with the two acidic rat α-crystallin subunits A2 and 
A lns (Fig. 5, lanes 7 and 8). These polypeptides were further 
analyzed on a two-dimensional gel (Fig. 6C). The triple spot in 
the aA2 region is due to the presence of a nonacetylated (more 
basic) and a deamidated (more acidic) derivative in addition to 
¿rA2 (H. Driessen, unpublished data). Long exposure times of 
the one- and two-dimensional gels did not reveal the presence 
of the aB2 subunit. Therefore, we may conclude that the hy-
bridization conditions used are stringent enough to discriminate 
between mRNAs that code for аЪ2 and oA^/otA polypeptides 
despite the fact that ak2 and aB 2 chains have about 60% amino 
acid-sequence homology (29). The simultaneous appearance of 
the aA2 and aA
Ins
 chains, resulting from hybrid selection on a 
single clone, is not surprising, because the amino acid se­
quences of aA I n s and aA2 are identical except for the occurrence 
of an insertion of 22 residues in aA I n s (13). Therefore, it is im­
possible on this level to correlate unambiguously the plasmid 
DNAs with either the aA2 or aA
in
" polypeptide. The DNA se­
quence of clone Dl-2 {unpublished data) corresponded to an 
amino acid sequence that fitted exactly the known primary 
structure of rat aA2 crystallin (30) but not that of aAI,,f (13). 
The nomenclature of the clones is in Table 1. 
Mapping of Rat Lens Crystallin RNAs by Blot Hybridi­
zation. Some of the established cDNA clones have been used 
for blot-hybridization analysis to map the crystallin RNAs from 
Biochemistry Dodemont et al Proc Natl Acad Sci USA 78 (¡981) 
which they originated The presence of the expected RN As from 
the 12S and MS class upon hybridization with the 0B,„ cDNA 
clone pRLj3Bl-2 and a A 2 cDNA clone pRLaA-1 were clearlv 
indicated (Fig 7, lanes 3 and 4, respectively) With both γ-crvs-
tallin c D N A clones pRLy-2 and pRL-y-3, RNAs were detected 
belonging to the IOS category (Fig 7, lanes 1 and 2) As ex­
pected, the bands visualized h e r e are rather broad as compared 
to those shown in lanes 3 and 4, indicating the presence of more 
than one RNA species coding for "у-crystallins 
D I S C U S S I O N 
W e constructed three distinct groups of DNAs complementary 
to IOS, 12S, and 14S crystallin mRNA, respectively The clones 
derived from the former two groups had generally maintained 
the original offered ds c D N A insert length However, trans­
formation with full-length ds c D N A * from 14S mRNA (of about 
1150 base pairs) resulted in an ultimate crystallin-specific DNA 
with a maximum length of only 850 base pairs This is probably 
d u e to e i ther a dC-taihng at an internal nick or a deletion in 
hvbnd plasmid molecules dur ing the transformation procedure 
With the aid of the hybrid-selection/translation assay we 
were able to identify the crystallin-specific clones summarized 
in Table 1 From the two-dimensional gel eleetrophoretic anal­
ysis, distinct characteristics with regard to the degree of ho­
mology among the crvstallin sequences were observed Despite 
the 60% homology in the amino acid sequence of the subunits 
a A 2 and a B 2 , which form the lens protein o-crystallin, the arA2-
specific clones did not show anv cross-hybndization to the a B 2 
mRNA sequence Therefore, we will be able to unequivocally 
recognize the gene(s) encoding the Аз/А1"* subunits of σ-crys-
talhn, ifcomparable hybridization conditions will be applied on 
genomic DNA blots F u r t h e r m o r e , DNA sequence studies to 
be published elsewhere, showed that the 3 ' noncoding region 
of a A 2 mRNA has an unusual length of about 600 bases This 
finding excludes definitelv a bicistronic nature of this mRNA 
The /3B la-specific clones do not show any detectable se­
quence relationship with other crystalhns under the hybridiza­
tion conditions used In contrast, the different γ-crystallin 
clones appear to have a high degree of homology, because thev 
do show considerable cross-hybridization in the hybrid-selet-
tion/translation system Each γ-specific clone is able to select 
several mRNAs coding for different γ-crystallins 
Although a m m o acid sequences on different rat lens -y-crys-
talhns are not available yet, sequence studies of four bovine γ-
crvstallms reveal more than 8 5 % homology (31) Our results 
with RNA-mapping on the γ-specific clones confirmed the high 
degree of homology among the γ-crystallins 
With respect to these results, we may expect that on the ge­
nomic level the γ-specific chromosomal sequences will show 
a more complex pattern in comparison to the genes encoding 
the rat a-cr> stallili subunits and the chicken 8-crystallin poly­
pept ide chains (32) 
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ABSTRACT 
Most of the mRNA sequence coding for the αΑ- chain of the ocular lens 
protein α-crystallin from rat, has been determined by sequencing cloned DNA 
copies of this mRNA. The 892-base pair cDNA sequence encompasses all but 
52 N-terminal amino acids of the OAo chain. It lacks the sequence character­
istic for the 22 extra amino acids inserted in the OA.-like chain, named 
OA I n s. A stretch of 583 nucleotides, representing more than 50% of the 
entire mRNA sequence, is located 3' wards of the OA^ coding sequence. It 
contains the characteristic AAUAAA signal involved in poly(A)-addition and 
represents an unexpectedly long non-coding region. Examination of the total 
cytoplasmic poly(A)RNA of rat lens by fliter-hybridization and subsequent 
translation of the electrophoretically separated mRNA fractions shows that 
the αΑ- chain is encoded by mRNA species which are distinct from the OA I n s-
encoding mRNA. No evidence is obtained for an extensive size heterogeneity 
in the 3' untranslated regions of these two different rat lens mRNAs. 
INTRODUCTION 
The structural protein of the ocular lens, α-crystallin, has been 
studied in great detail with emphasis on subunit composition, biosynthesis 
and structure (1,2). It is the predominant biosynthetic product in the adult 
vertebrate lens and represents a convenient example of controlled gene 
expression in terminally differentiated cells. The high molecular weight 
protein is composed of two types of primary gene products, named OA. (mol. 
wt. 19,832) and aB. (mol.wt. 20,070), which show about 60% of homology sug­
gesting they originate from one ancestral gene. The synthesis of Offi. (175 
amino acids) is directed by a message of the expected size, namely IOS mRNA. 
The αΑ chains (173 amino acids) are encoded, however, by a rather long 14S 
mRNA. Though the latter mRNA of about 1300 nucleotides is theoretically 
large enough to encode two polypeptides of that size and Chen and Spector (3) 
recently put forward that the aA„ mRNA of calf lens is of bicistronic 
character, we disfavour such a conclusion. 
In view of the primary structure of many eukaryotic mRNAs determined in 
©IRL Press Limited, 1 Falconberg Court, London W W 6FG, U.K. 
41 
Nucleic Acids Research 
recent years, the length of the 5' and 3' non-coding regions can vary to a 
large extent (4-6). Our findings that the OA_ and ав chains are synthesized 
on mRNAs with a striking difference in length might be explained on the 
basis of the observed variance in non-coding regions. Although such a region 
of about 750 nucleotides is unusually long for a eukaryotic mRNA, its occur­
rence is apparently not limited to rat lens since 14S mRNA coding for an 
aA- chain of about 175 amino acids only has also been demonstrated in other 
species, like chicken (7) and calf (Θ). Another point of interest is that in 
rat lens an additional (XA- chain has been detected, named CXA , with 22 
extra amino acids inserted in an internal position of the molecule. Its 
synthesis is also directed by a 14S mRNA (9,10). In how far this insertion 
reflects a distortion of the splicing mechanism (11) in rat lens, has still 
to be ascertained. 
To address these questions and as a basis for further research we have 
cloned the rat 14S mRNA as a series of recombinant DNA plasmids and have 
determined the nucleotide sequence of these clones. Our conclusion from the 
Ins 
sequence data is that the clones represent aA sequences rather than OA 
sequences. No coding function can be assigned to the 3' stretch of about 
590 nucleotides which apparently represents an extremely long non-coding 
part of this crystallin mRNA in rat. 
MATERIALS AND METHODS 
Isolation of recombinant plasmid DNA 
The construction of bacterial plasmids containing sequences homologous 
to rat lens crystallin mRNAs inserted into the Pstl-site of pBR322 by oligo-
dG-dC tailing and the subsequent amplification by transformation of E.coli 
χ1776 has been described elsewhere (12). After characterization of recombi­
nants by a positive hybridization assay (12) appropriate candidates were 
taken for transformation of the EKl host E.coli HB101. All manipulations 
were carried out in a Category II containment laboratory as recommended by 
the Netherlands Committee Ad Hoc on Recombinant DNA Research. Recombinant 
Plasmid DNA was isolated by the cleared lysate procedure of Clewell and 
Helinski (13) and further purified by CsCl density gradient centrifugation. 
Isolation, gel electrophoresis and hybridization of RNA 
Total cytoplasmic poly(A)RNA from lenses of 4-day old rats were isolated 
essentially as described by Palmiter (14). 
Electrophoresis of cytoplasmic poly(A)RNA (20 ug) was performed on a 
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vertical 35 cm long 1.5% agarose gel in the presence of 10 mM CH^HgOH (15). 
For blot-hybridization the RNA was transferred to nitrocellulose paper 
32 
according the procedure of Thomas (16) and hybridized with P-labelled, 
nick-translated DNA probes from a-crystallin-specifie cDNA clones using the 
conditions described by Wahl et al. (17). 
Translation of RNA and analysis of translation products 
After electrophoresis of RNA, one half of the gel was used for blotting 
and hybridization to the α-crystallin-specific cDNA clone pRLOA-1. The other 
half was used for translation experiments. The regions of the gel which 
32 hybridized to P-labelled pRIAA-1 DNA were sliced into 1-mm segments. RNA 
was isolated from the gel segments by homogenizing each slice in 0.3 ml of 
50 mM Tris-HCl, pH 7.5, 500 mM NaCl, 5 mM EDTA, 10 mM DTT, 0.2% SDS con­
taining 10 ug of E.aoli tRNA and extracting overnight with buffer-saturated 
phenol, followed by re-extraction of the water phase with phenol and chloro-
form-isoamylalcohol (24:1). After two successive ethanol precipitations the 
RNA pellet was dissolved in 5 Ml water. Aliquots of 1 μΐ were assayed in a 
nuclease-treated rabbit reticulocyte lysate (18). The translation products 
were analysed on a 13% polyacrylamide-SDS gel. Autoradiography was performed 
о 
at -80 С after processing according to Bonner and Laskey (19). 
Restriction endonuclease analysis and DNA sequencing 
Restriction digests of plasmid DNA were electrophoresed in 2% agarose 
horizontal slab gels containing 40 mM Tris, 20 mM sodium acetate, 2 mM EDTA, 
pH 7.8. The isolation and purification of restriction fragments and the 
5' end labelling with T4 polynucleotide kinase was carried out as described 
previously (20). DNA sequencing was performed according to the method of 
Maxam and Gilbert (21). Fragments were processed through the G, G+A, C+T, 
С and A>C specific, limited chemical cleavage reactions and applied to 
0.4 mm thin 6%, 8% and 20% Polyacrylamide gels (22). 
RESULTS AND DISCUSSION 
We recently reported the construction of recombinant plasmids contain­
ing sequences homologous to several rat lens crystallin mRNAs (12). Plasmid 
DNA of the various crystallin-specifie clones selected were analysed for 
insert length and further characterized by hybrid-selected translation. 
Two representative clones, pRLOA-1 and pRLOA-3, which directed the 
Ins 
synthesis of aA chains and concomitantly the synthesis of QiA chains, were 
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selected for sequencing according to the method of Maxam and Gilbert (21). 
The restriction map of each insert relative to the flanking pBR322 sequences, 
of which only the nearest Hinfl sites are indicated, is shown in Fig. 1. The 
positions of the various restriction enzyme cleavage sites found in each map 
already suggest that both DNA inserts represent overlapping sequences. 
pRLOiA-1 carries a more extended 5' region whereas pRLOA-3 has a more extended 
region at its 3' end. The strategy used in determining the nucleotide 
sequence of each insert is included in Fig. 1. To ensure the reliability of 
the final sequence, most of the sequence operations were carried out at least 
twice. Furthermore, the nucleotide sequence obtained has been determined 
independently from two different clones which appear to have a very large 
с ν ο σ о о 
^ jf> α > α > 
H M „ м
 M H w 
631 
> 
— * • 
4 
< 
ν 
I 
I 
1 
. 1 1 
• • • 
1 
" • 
1 1 
ш i-
p R L o A - 1 
a І2 
, 
i 
J 
p R L o A - 3 
| 1 1 k i-I 
1 
631 
и
 w Hl 
ρ .2 *c 
*f ^ τ 
ι н 
it .Ъ 
— I 
200 300 400 500 600 700 
LENGTH (NUCLEOTIDES) 
800 900 1000 
Figure 1 
Restriction map of pRLaA-1 and pRLCtA-3 showing the restriction sites used 
for sequence analysis of the rat lens ctA -crystallin mRNA. The horizontal 
arrows are indicative for the orientation and approximate length of sequen­
ces obtained. The cleavage coordinates of the Mnfl-sites neighbouring the 
Pstl-site of pBR322 are indicated (28). Note that the cDNAs are inserted 
in a reversed orientation in the vector. The open boxes represent mRNA 
sequences, the hatched boxes are the poly(dG-dC)-tracks, the black box in 
pRLaA-3 represents a stretch of seven Α-residues which is probably a rem­
nant of the poly(A)-track of the mRNA template used in cDNA synthesis 
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part of their final DNA sequence in common. The combined nucleotide sequence 
of the aA -crystallin mRNA as deduced from the sequence data of each clone 
is given in Fig. 2. The regions flanking the insert in pRLOtA-1 at the 5' and 
3' side, extending to the plasmid Hinil sites have the expected nucleotide 
sequence" surrounding the Peti site of insertion in the parent plasmid pBR322 
(data not shown). Consequently, generation of two new Peti sites by the host 
after insertion of DNA into the original PstI site has occurred correctly. 
The length of the GC-linkers was found to be 30 base pairs at the 5' end 
and 29 base pairs at the 3' end of the mRNA sequence. The size of the crys­
tallin mRNA sequence in pRLaA-1 as deduced from the sequence data is 759 
base pairs. Its sequence is deprived of the hexanucleotide sequence AATAAA, 
considered to be the signal involved in polyadenylation (23,24), which 
suggests this DNA insert lacks a complete 3' region of the Ш mRNA sequence. 
The nucleotide sequence of the crystallin-specifìc DNA in the second 
clone, pRL0LA-3, is 720 nucleotides long. By comparing this sequence with 
that of pRLClA-1, it appears that a sequence of 580 base pairs is identical 
in both inserts. From this observation we conclude that both clones contain 
a DNA copy which originates from the same mRNA template. pRL0tA-3 contains 
in addition 126 nucleotides at its 3' end. This sequence encompasses the 
characteristic AATAAA sequence which is found 21 nucleotides upstream of the 
site of poly(A) addition. 
The amino acid sequence of the rat lens CA polypeptide chain has been 
elucidated earlier (7). The nucleotide sequence from position 2 - 365, as 
given in Fig. 2, exactly fits the amino acid sequence in that it represents 
the sequence ranging from residue 53 to 173, i.e. the C-terminal serine 
residue of the otA chain. Another conclusion which could be drawn is that 
the clones analysed represent an OtA -mRNA sequence and not an ctA -mRNA 
Ins 
sequence, ал , which is encoded also by a 14S mRNA, has 22 extra amino 
acids inserted between amino acid residue 63 (Glu) an 64 (Val) of the OlA 
chain (7). The DNA sequence run of this particular region, shown in Fig. 3, 
fits the CIA amino acid sequence only. 
In our first study on lens mRNA we estimated that the 14s mRNA encoding 
the OlA chain might theoretically comprise a coding region sufficiently 
long to direct the synthesis of two products of that size (θ), although we 
gained experimental evidence which made the assumption of a bicistronic 
eukaryotic message very unlikely (25). In contrast, Chen and Spector (3) 
reported on the basis of product analysis after translation of 14S mRNA in 
a cell-free system that the message of calf lens might be bicistronic. The 
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TC TTC CGC АСА GTG TTG GAC TCC GGC АТС TCT GAG GTC CGA TCT GAC CGG GAC AAG 
Phe Arg Thr Val Leu Asp Ser Gly Ile Ser Glu Val Arg Ser Asp Arg Asp Lys 
Бо во loo 
ТТТ GTC АТС TTC TTG GAT GTG AAG CAC TTC TCT CCT GAG GAC CTC ACC GTG AAG GTA 
Phe Val Ile Phe heu Asp Val Lys His Phe Ser Pro Glu Aap Leu Thr Val Lye Val 
120 i-o - pRLOA-3 , „ 
CTG GAA GAT TTC GTG GAG АТС CAT GGC AAA CAC AAC GAG AGG CAG GAT GAC CAT GGC 
Leu Glu Asp Phe Val Glu Ile His Gly Lys His Asn Glu Arg Gin Asp Asp His Gly 
1Θ0 200 220 
TAC ATT TCC CGT GAA TTT CAC CGT CGC TAC CGT CTG CCT TCC AAT GTG GAC CAG TCC 
Тут He Ser Arg Glu Phe His Arg Arg Туг Arg Leu Pro Ser Asn Val Asp Gin Ser 
2-0 260 280 
GCC CTC TCC TGC TCC TTG TCT GCG GAT GGC ATG CTG ACC TTC TCT GGC CCC AAG GTC 
Ala Leu Ser Cys Ser Leu Ser Ala Asp Gly Met Leu Thr Phe Ser Gly Pro Lys Val 
300 320 Э- 0 
CAG TCT GGC TTG GAT GCT GGC CAC AGC GAG AGG GCC ATT CCC GTG TCA CGG GAG GAG 
Gin Ser Gly Leu Asp Ala Gly His Ser Glu Arg Ala Ile Pro Val Ser Arg Glu Glu 
360 з о -oo 
AAG CCC AGC TCG GCA CCC TCG TCC TGA GC AGGCCTCGCC TTGGTTGTCC CCTGATGCCC CTG 
Lys Pro Ser Ser Ala Pro Ser Ser 
-20 --0 -60 
ATCCATC TGCCCAGGGG CCACAGCAAA GAGTCTGCCT TCCTGACTTC TTTTCTTTCT CTTTGTTTCC Τ 
-Θ0 50 0 520 S-0 
TTCCACTTT CTCAGAGGGC TGAGGATTTG AGAGAGTGGC TTAAAGAGCT TGGGGGGTCT TGGCCTGAGA 
560 580 600 
TGGCTGCGGG TTCAGGGTGA CCCAGGCTCA ACACCAGCCG GTCAGAGGGA ATGATGGCAT TGAACTCTT 
620 6-0 660 
A AGATTTCCTG TCCTCCTGGA AAGTGGCATC GAGCTCTGCC AAAGGCAGAG TGAATGGTGG CTAACCA 
680 700 720 7-0 
ACC CCAAGAGCCC TCTGCCAAGC CCCTGGATGG CAGCCTCCCA CCCCCTTTGC CCACACTTAC CGCAG 
P R L n A - ' * 760 780 eoo 
GCGTA TATGCTGGGC TCCAACAGTC CGCTTCTCTC ATGCCCTCTT CCTGTGACJT TCTCTACTAT GTA 
820 8-0 860 880 
GTATCGC TCCTGGGGAC CCTGATCACC CATGAGAATG GGCCCCTGGC AGAC|AATAAA| GAGCAGGTGA 
CAAGCAAAAA AA 
Figure 2 
The combined nucleotide sequence of the rat lens aA -crystallin cDNA inserts 
in pRLOA-1 and pRLaA-3 and its deduced amino acid sequence. Numbers above 
each line refer to nucleotide positions. The boxed region specifies the 
nucleotide sequence involved in poly(A)-addition. The nucleotide sequence 
of pRLOA-1 ranges from 1-759, that of pRLOA-3 from 146-892 
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nucleotide sequence established here for 14S mRNA argues strongly against 
a dual coding function. The coding frame given for the OlA -mRNA is the only 
reading frame which is capable of directing a polypeptide significantly 
long to be considered. In the other two possible reading frames several 
termination codons are present which are randomly distributed, giving rise 
to very short polypeptides only. 
Akusjärvi et al. (26) recently demonstrated that the non-coding part 
of the adenovirus hexon-mRNA discloses a novel adenovirus gene. In view with 
these findings we considered also the possibility that the 5' part of the 
DNA sequence, as demonstrated, codes for CXA. chains and that the 3' part 
codes (in part) for a crystallin-like protein of similar size as that of 
0A_. The length of the region ranging from the C-terminal end of the CXA 
coding sequence to the start of the poly(A)-tail comprises about 550 nucleo-
tides and could theoretically code for a protein of such length. However, 
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in all three possible reading frames only 2 and 3 ATG triplets are present 
and in each case these ATG triplets are followed by several stop codons in 
the same phase at distances of 40 triplets or less. Therefore, we conclude 
that the 3' region of the OA message, though comprising over 50* of the 
total mRNA sequence, has no coding function. 
The significance of untranslated regions 3' ward of the protein coding 
sequence in eukaryotic mRNAs remains unclear despite considerable specula­
tions. Kronenberg et al. (27) have presented evidence based on the trans-
lational capability of truncated globin mRNAs that argues against a major 
role for the 3' untranslated region. Moreover, multiple mRNAs coding for a 
single protein, and which differ primarily in the length of the 3' untrans­
lated regions have been identified (4) . To find out whether multiple CXA -
crystallin mRNAs exist in rat lens and to acquire additional support for 
Ins 
our conclusion that the mRNA coding for OlA -crystallin is distinct from 
the otA mRNA, we have analysed total cytoplasmic rat lens poly (A) RNA in 
more detail. Poly(A)RNA was electrophoresed in the presence of CH,HgOH (15). 
Thereafter, the RNA on one half of the gel was transferred to nitrocellu-
32 lose paper and subsequently hybridized with P-labelled pRIAA-1 DNA. As 
noted before (.of. 12), after short electrophoretic runs only a single hybri­
dizing band was apparent. This band could be resolved, however, into two 
distinct bands after prolonged electrophoresis (Fig. 4A), corresponding to 
RNA species of approximately 1300 and 1250 nucleotides. No hybridization 
occurred in the other regions of the gel, indicating that size heterogeneity 
of the α-crystallin-specifie mRNA is very unlikely. On the other hand, 
Xns hybridization with pRL0iA-l DNA does not discriminate between CtA and OlA 
specific sequences as these two proteins are very homologous in their amino 
acid sequence. To find out whether the two RNA bands represent two different 
OCA mRNAs which differ in length or that these bands represent aA and CXA 
mRNA species, translation studies have been carried out. Of the second half 
of the agarose gel the region comprising the two RNA species was sliced into 
2-mm fractions and the RNA contained in each fraction was translated in a 
rabbit reticulocyte lysate system. From the results presented in Fig. 4B, 
it is clear that the fraction(s) representing the 1250 nucleotide-long RNA 
were capable of synthesizing OtA- polypeptide chains only, whereas synthesis 
of OA polypeptides is only apparent in the fraction containing the 1300 
nucleotide-long RNA. These data strongly suggest that the mRNAs coding for 
Ins OlA and cxA_-crystallin are distinctly different and can be well separated 
from each other. No evidence is obtained for the presence of OlA mRNA species 
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Figure 4 
A. Hybridization of total cytoplasmic rat lens poly(A)RNA with P-label-
led pRLOA-1 DNA after electrophoresis of RNA in the presence of methyl 
mercuri and transfer to nitrocellulose paper. 
B. Translation of the RNA contained in the various gel segments after 
electrophoresis of rat lens poly(A)RNA. The region of the gel contai-
ning the doublet band as vizualised under A. was sliced into 2-mm,seg-
ments. RNA was extracted from each segment as described under Materials 
and methods and translated in a nuclease-treated reticulocyte lysate. 
Lane 1 represents the translation products from the unfractionated 
poly(A)RNA, lane 2-6 show the polypeptides encoded by the RNA in the 
gelsegments. The length of the RNA decreases from left to right. 
which have truncated a very large part of their 3' sequence although a slight 
variance in the length of the non-coding region or the poly(A)-tail cannot 
be discriminated by our analysis. Further studies at the chromosomal level 
Ins 
are needed to find out whether aA and aA mRNA originate from separate 
genes. 
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CHAPTER IV 
COMPARISON OF THE CRYSTALLIN mRNA POPULATIONS 
FROM RAT, CALF AND DUCK LENS. EVIDENCE FOR A 
LONGER aA2-mRNA AND TWO DISTINCT CXB2-mRNAs IN 
THE BIRD SPECIES 
COMPARISON OF THE CRYSTALLIN mRNA POPULATIONS FROM RAT, CALF AND DUCK LENS. 
EVIDENCE FOR A LONGER aA2-mRNA AND TWO DISTINCT aB2-mRNAs IN THE BIRD 
SPECIES. 
SUMMARY 
Total cytoplasmic poly (A)-containing RNA from rat, calf and duck lens 
was fractionated by electrophoresis in methylmercury hydroxide containing 
agarose gels. RNA electrophoresed in parallel lanes was either transferred 
onto nitrocellulose and hybridized with total cDNA synthesized on the 
initial mRNA or was recovered from individual gel fractions for in vitro 
translation in a reticulocyte cell-free system. This allowed the identifi­
cation and size-characterization of individual mRNA species encoding a-, 
β-, γ- and 6-crystallin polypeptides. The 14S mRNA fraction of rat lens 
comprises two aA2-mRNAs of approximately 1250 and 1350 nucleotides and the 
CXAIns-mRNA with a size similar to that of the largest OA2-mRNA. The calf 
lens 14S mRNA fraction harbors a heterogeneous population of 0tA2-mRNA. In 
the same fraction another mRNA encoding a polypeptide, designated X, has 
been found sharing no homology with OlA sequences. The duck lens aA2-mRNA 
appears to be 400-450 bases longer than the rat and calf lens 0tA2-mRNAs. 
Furthermore, in contrast to the single aB2-mRNA in rat and calf lens, two 
(XB2-mRNAs have been identified in duck lens, one, the major species, with 
a similar size as the 0tB2-mRNA in rat and calf lens (800 bases, and the 
other species 700 nucleotides longer. The large size differences among the 
OA2- and 0tB2-mRNAs most likely reside in their 3'-untranslated sequences. 
INTRODUCTION 
Crystallins are the major structural constituents of the vertebrate eye 
lens accounting for 90% of the water-soluble protein. They comprise four 
immunologically distinct families of multiple polypeptides, designated a-, 
β-, γ- and 6-crystallin (1, 2). All vertebrates have a- and ß-crystallin 
whereas γ-crystallin is confined to fish, amphibia and mammals. The 6-
crystallin polypeptides are unique to birds and reptiles (3, 4) which are 
devoid of γ-crystallin (5). Individual crystallin polypeptides are parti­
cularly useful as molecular markers for studying lens differentiation 
since they are synthesized at different times and in different regions of 
the developing lens. The developmental regulation of crystallin biosynthe­
sis has shown to be governed by differential gene expression and also at 
the post-transcriptional level by translational control of mRNA (6). A 
55 
detailed characterization of the crystallin genes will contribute to the 
understanding of the controlling mechanisms underlying these processes. 
The mRNAs encoding the calf lens cü^-subunit and chicken lens 6-poly-
peptides were the first crystallin mRNAs which could be isolated via 
conventional techniques as rather pure species by virtue of their relative 
high abundance (7-12). With the introduction of molecular cloning individual 
crystallin sequences have been characterized (13-21). Most of the cloned 
crystallin sequences correspond to the rather abundant class of mRNA. cDNA 
clones corresponding to less abundant mRNAs are usually difficult to select 
from a cDNA library constructed from unfractionated poly (A)-containing 
RNA. Enrichment of these crystallin mRNAs facilitates their molecular 
cloning. Here we provide a characterization of the different crystallin 
mRNAs occurring in rat, calf and duck eye lens. 
MATERIALS AND METHODS 
Animals, chemicalsand enzymes 
Lens tissue was derived from 3 to 5-day-old rat, mouse and Syrian gold-
hamster, 3-month-old calf and adult chicken and peking duck. Chemicals and 
enzymes were purchased from the following suppliers: methylmercury 
hydroxide, Alfa Products-Ventron Division; CDTA, Aldrich; nitrocellulose 
(BA 85), Schleicher and Schuell; Sephadex G-50 (fine grade), Pharmacia 
Fine Chemicals; Escherichia coli tRNA, Boehringer; oligo (dT)-cellulose 
(T2 grade) and oligo (dT)i2-18< Collaborative Research; desoxyribonucleo-
side triphosphates, PL-Biochemicals; L-[35s]methionine (1000-1200 Ci/mmol) 
and a-[32p]dCTP (2000-3000 Ci/mmol), Radiochemical Centre-Amersham; avian 
myeloblastosis virus reverse transcriptase, Life Sciences Inc.; Proteinase 
К and Escherichia coli DNA polymerase I, Boehringer; DNase I, Worthington 
Biochemicals. 
Isolation_and_characterization_of lens_total_cytoplasmic_poly_(As­
certaining RNA 
Cytoplasmic RNA from rat, mouse, hamster, duck and chicken was prepared 
as outlined previously (22). Calf lens polyribosomes were isolated as des­
cribed (23). RNA samples were deproteinized by Proteinase К digestion (100 
pg/ml) at 37°C for at least 2 h in the presence of 0.5% SDS and applied 
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directly to oligo(dT)-cellulose for selection of poly(A)-containing RNA 
(24). In vitro translation was performed in a nuclease-treated rabbit 
reticulocyte lysate in the presence of L-[35s]methionine (25). Translation 
products were analyzed by one- and two-dimensional gel electrophoresis 
according to Laemmli (26) and O'Farrell (27), respectively. Gels were 
processed for fluorography as described (28). 
Identification_of_individual_crystallin mRNAs 
a) Fractionation by denaturing gel electrophoresis 
Equal amounts of a total mRNA preparation were electrophoresed in paralell 
lanes of a vertical 26 cm long, 2 mm thick 1.5% agarose slab gel containing 
10 mM methylmercury hydroxide (29) . Electrophoresis was performed at 40 mA 
with buffer recirculation. Following electrophoresis methylmercury was 
complexed by treatment of the gel with a solution of 0.1 M ammonium acetate 
buffered with Tris base at pH 8.0. RNA size markers comprising rat 18S and 
28S rRNA (2050 and 5200 bases, respectively), Escherichia coli 16S and 23S 
rRNA (1600 and 3200 bases, respectively) and rabbit 10S globin mRNA (650 
bases) were visualized by staining with ethidium bromide. 
b) Size determination by blothybridization 
The fractionated mRNA in one lane was blotted onto a nitrocellulose 
filter (30) and baked in vacuo at 80°C for 2 h. Visualization of the entire 
mRNA population was achieved by prehybridization (4-8 h), hybridization 
(20-40 h) with 10^ cpm/ml of 32P-labeled cDNA synthesized on the original 
unfractionated mRNA (see below) and washings under conditions as outlined 
previously (31). The filter was shortly dried at room temperature and auto-
radiographed by exposure to Sakura film at -70°C. For re-use, the annealed 
DNA was dissociated as described (30). 
c) In vitro translation of recovered mRNA 
The appropriate regions of the gel lanes were segmented into 2 or 3 mm 
slices. Each gel slice was crushed by passage through a 21 gauge needle 
attached to a 1 ml syringe into a 1.5 ml Eppendorf tube with 300 μΐ of a 
solution containing 50 mM Tris.HCl, pH 7.5 at 20°C, 5 mM 1,2-cyclohexylene-
dinitrilotetraacetic acid monohydrate (CDTA), 0.5 M NaCl, 10 mM DTT, 0.2% 
SDS and 10 yg tRNA. The RNA was recovered by two extractions at room tempe­
rature with phenol (buffered with Tris base at pH 7.5) followed by two 
extractions with chloroform:isoamylalcohol (24:1). After two successive 
precipitations with ethanol, the RNA was dissolved in 4 μΐ of twice-
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distilled water. Aliquote of 1 yl were assayed directly in the reticulo­
cyte lysate and translation products analyzed as described above. 
DNA_hybridization probes 
In order to recognize the total RNA population cDNA synthesized on the 
entire mRNA population was used as hybridization probe (see above). The 
reaction mixture for cDNA synthesis (20 yl) contained 100 mM Tris.HCl, 
pH Θ.3 at 42°C, 8 mM МдСІ2, 10 mM DTT, 5 yM dATP, dGTP and TTP, 0. yM 
a-[32p]dCTP (50 yci) and 100 Уд/ml oligo(dT)12_igprimer. Poly (A)-
containing RNA was added to a final concentration of 100 Уд/ml and after 
5 min on ice the mixture was incubated at 42°C for 15 min in the presence 
of 24 units of reverse transcriptase. The reaction was terminated by 
addition of EDTA, SDS and NaOH to final concentrations of 20 mM, 0.5% and 
0.2 M, respectively. The cDNA was freed from the mRNA template by incuba­
tion at 70°C for 30 min. Following neutralization with 10% acetic acid and 
addition of 20 yg tRNA the cDNA (spec. act. 3-4 χ IO9 cpm/yg) was filtrated 
through Sephadex G-50. Occasionally, the previously characterized (32) rat 
lens OAj-crystallin mRNA-specific insert from the recombinant DNA plasmid 
pRL A-l (14) was used as hybridization probe. The insert was nick-trans­
lated in vitro to high specific activity (2-5 χ 10° cpm/yg) with a-[ 3 2p]-
dCTP (33). 
Full-length cDNA synthesis 
Reaction conditions were as described above except that the concentra­
tions of all four desoxyribonucleoside triphosphates were 1 mM. Isolated 
cDNA samples were analyzed by electrophoresis on methylmercury hydroxide 
containing agarose gels as outlined above which were dried prior to auto­
radiography. 
Positive hybrid-selected translation assay 
Five yg amounts of the plasmid pRL0tA-l (see above) were linearized by 
Eco RI digestion, deproteinized, precipitated with ethanol and resuspended 
in 10 mM Tris.HCl pH 7.5, 1 mM EDTA. The samples were denatured at 100°C 
for 5 min, quenched on ice, adjusted to a final concentration of 6xSSC 
(lxSSC: standard saline citrate; 0.15 M NaCl, 0.015 M trisodium citrate), 
and spotted onto small (0.5 cm2) nitrocellulose filters previously equi­
librated with 6xSSC. Filters were dried and baked in vacuo at 80°C for 2 h. 
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The filters were prehybridized at 54°C for 1 h in 100 μΐ of a solution 
containing 50% deionized formamide, 10 mM Pipes pH 6.4, 0.6 M NaCl, 5 mM 
EDTA and 100 Ug/ml poly(rA). Hybridization was performed at 54°C for 3 h 
in 100 yl of the same solution except that poly(rA) was substituted by 100 
Уд/ml of unfractionated mRNA or 10 Уд/ml of size-selected 14S mRNA from 
calf lens. The filters were washed at 60°C for 1 min each: 5 times with 
lxSSC, 0.5% SDS, 5 times with O.lxSSC, 0.1% SDS and finally twice with 10 
mM Tris.HCl pH 8.0, 2 mM EDTA. Specifically hybridized mRNAs were eluted 
by heating the filters at 100°C for 1 min in 100 yl of twice-distilled 
water. The mRNA was concentrated by precipitation with ethanol in the 
presence of 10 yg tRNA carrier and assayed for in vitro translation as 
described above. 
RESULTS 
Figure 1 shows the entire lens mRNA populations from rat, calf, chicken 
and duck as visualized by blothybridization using cDNA probes synthesized 
on the initial unfractionated mRNA preparations. All lanes display simple 
patterns which are very similar to those observed for the ethidium bromide 
stained RNA. The lanes adjacent to those shown in Figure 1 were segmented 
into 2 or 3 mm slices as indicated. The electrophoretic separations of the 
in vitro translation products synthesized under direction of rat, calf and 
duck lens mRNA recovered from individual gel fractions are shown in Figure 
2 А, В and C, respectively. Comparison of Figures 1 and 2 shows good 
agreement between the abundance profiles of the RNA bands and their 
respective translation products. Sizes of individual mRNA species were 
estimated from the mol. weight of RNA gel fractions which gave rise to the 
highest quantity of the corresponding crystallin polypeptides; these data 
are summarized in Table I. 
Characterization_of ^^ÇrystallinjnRNA 
The polymeric a-crystallin which has a native Mr of 800,000 Da is 
composed of four subunits, two of which are under direct genetic control 
namely 01A2 and 0Ш2 comprising 173 and 175 amino acid residues, respec­
tively (2). Only for the members from the rodent superfamily Muroidea 
(rat, hamster, mouse and gerbil) the occurrence of a third primary a-
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Fig. 1 Size determination of lens mRNAs by blothybridization. 
Lens total cytoplasmic poly(A)-containing RNA (lOyg) from the species in-
dicated was electrophoresed on a denaturing gel, transferred to nitrocellu-
lose and hybridized to P-labeled cDNA synthesized on the original un-
fractionated mRNA; the autoradiograph is shown. Positions of RNA size 
markers (see Materials and Methods) are denoted at the right. 
-crystallin gene product has been well documented (34, 35). The latter 
component designated aA I n s is identical to the o^-polypeptide apart from 
an insertion of 22 amino acid residues between positions 63 and 64 of the 
OA2"cnai-n (34) . The mRNAs encoding the rat and calf lens CXA2-subunits as 
well as the rat aA ns-chain are known to sediment in sucrose density 
6Ü 
gradients as 14S species (7, 8, 14, 36). Figure 2 A and 2 В show that the 
highest level of o^-synthesis (see fat arrowheads) has been directed by 
fractions 3/4 of rat lens mRNA and fractions 1/2 of calf lens mRNA, indi­
cating a size of 1250-1300 nucleotides for the corresponding mRNAs. This 
is consistent with the positions of the prominent 14S bands in Figure 1 
(lanes 1 and 2). Figure 2 С reveals that the duck lens 0A2 in vitro trans­
lation product is predominantly represented in lane 2 which indicates that 
its mRNA resides in the lower prominent 17S hybridized band in Figure 1 
(lane 4). This implies that duck lens aA2-mRNA (1700 bases) is 400 to 450 
nucleotides longer than its counterparts in rat and calf lens. Similar 
data were obtained upon hybridization with a cloned 0tA 2
_ c D N A
 probe (see 
Materials and Methods) of the nitrocellulose filter shown in Figure 1; 
the resulting autoradiograph displayed in Figure 3 shows that also chicken 
0tÄ2-mRNA has a size corresponding to 17S. 
Figure 2 shows that rat lens OA (closed asterisk in lane 1) is 
encoded by a separate mRNA of higher molecular weight than aA_-mRNA, in 
accordance with previous results (32). Figure 4 A shows that upon prolonged 
electrophoresis the rat lens aA-crystallin mRNAs as well as those from two 
other Muroidea. species (hamster and mouse) can be resolved into two dis-
tinct bands corresponding to mRNAs of about 1350 and 1250 nucleotides, the 
latter being slightly more abundant. From Figure 4 С it can be concluded 
that the lower (L) rodent RNA bands harbor mainly aA2-mRNA whereas mRNA 
recovered from the upper (U) bands directs the synthesis in vitro of a 
mixture of aA2- and aA
Ins
-polypeptides which appear at similar intensities 
in the fluorograph. Since these translation products are solely labeled 
with [35s]-methionine of which five residues occur in the OA -chain 
versus two in the aA2~chain (16, 34, 35, 37, 38), this implies that also 
within the upper rodent RNA bands the aA2-mRNA is the predominant species. 
Suprisingly, also calf lens 14S mRNA directs the synthesis of an 
additional primary gene product, designated X, has an apparent M
r
 of 25 
kDa. Figure 4 С shows that the X-specific mRNA is enriched in the upper 
(U) part of the broad hybridized band visualized in Figure 4 A RNA 
recovered from the gel region corresponding to higher molecular weights 
did not stimulate in vitro synthesis of X (not shown). From Figure 4 A/C 
it is clear that like in rodents also in calf lens the aÄ2~mRNA displays 
size heterogeneity. A major component (1300 bases) and a minor species 
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crystallin 
class 
α 
0 
source 
rat 
calf 
duck 
rat 
calf 
duck 
rat 
rat 
calf 
duck 
primary crystallin gene product 
name 
OA 2 
0tA2 
OA 2 
ав2 
аВ2 
аВ2 
O A I n s 
ßBla 
ßÄ2 
ßB4 (ßBp) 
ßB5 
ßBla 
A 
ßBp 
В 
D 
E 
e
s 
ß 
apparent 
Mr (kDa) 
20 
20 
20 
22 
22 
22 
24 
30 
28 
26 
24 
33 
26 
25 
23 
26 
23 
22 
23-34 
number of 
residues 
173 (38) 
173 (51) 
173 
175 
175 (52) 
175 
195 (34) 
-250 
-230 
-220 
-200 
-280 
-220 
204 (53) 
-190 
-220 
-190 
-180 
190-280 
crystallin mRNA 
size of entire 
mRNA sequences 
(nucleotides) 
1250/1350 
1300 
1700 
750 
800 
800/1500 
1350 
950 
850 
850 
850 
1050 
1000 
950 
900 
850 
850 
850 
800-1000 
size of total un-
translated region 
(nucleotides) 
750 
800 
1200 
250 
300 
300/1000 
750 
200 
150 
200 
250 
200 
350 
350 
350 
200 
300 
300 
ND 
crystallin 
class 
Ύ 
δ 
ε 
source 
rat 
calf 
duck 
duck 
calf 
name 
γ1-3 
γ5-7 (*) 
γ1-4 (5)(*) 
δ 
ε (**) 
χ 
apparent 
M
r
 (kDa) 
19-21 
19-21 
47-48 
38 
25 
number of 
residues 
160-180 
160-180 
-400 
-320 
-210 
size of entire 
mRNA sequences 
(nucleotides) 
650-800 
700-800 
1900 
1450 
1300 
size of total un­
translated region 
(nucleotides) 
150-300 
200-300 
700 
500 
650 
TABLE I Estimated sizes of rat, calf and duck crystallin mRNAs and their total untranslated regions. 
The third and fourth columns summarize the names and apparent molecular weights of the primary crystallin gene 
products. The nomenclature for the rat lens (3- and γ-crystallin polypeptides and that for the calf lens f3-
crystallin chains are adopted from Ref. 22 and 39, respectively; for general features of crystallin nomen­
clature, see Ref. 54. The fifth column presents the numbers of amino acid residues for each crystallin poly­
peptide. For some chains complete sequences are known; here the residue numbers are underlined and references 
indicated. Duck lens 0tA2-chain and the aB2-subunits from rat and duck lens are assumed to be of identical 
length as their counterparts in calf lens, cf. Ref. 55. All other residue numbers have been calculated based 
on an average M
r
 of 120 Da per amino acid residue. The sizes of the crystallin mRNAs and the inferred lengths 
of their total untranslated regions comprising both the 5'- and 3'-non-coding sequences as well as the 3'-
terminal poly(A) tail, are given in the last two columns 
(*) The amino acid sequences of two rat lens γ-crystallin chains have been determined via the nucleotide se­
quences of cloned cDNA copies from the corresponding mRNAs; both polypeptides comprise 173 residues (56). The 
number of primary calf lens γ-crystallin gene products is still uncertain. Four to five individual polypep­
tides have been identified (57, 58). It has been suggested that at least 4 γ-polypeptides are under direct 
genetic control (59). From calf lens Yij-crystallin the complete sequence is known; it comprises 174 residues 
(60, 61). 
(**) Reference: S.O. Stapel et al., manuscript in preparation. 
ND: Not dermined. 
H
 ш
 
Г
 
α
 
fi
 
,
я
 
с
о
 
ω
 
ω
 
-
и
 
(
ϋ
 
Ο
 
5
 
α
 
с
м
 
μ
.
 
CÛ
 
CD
 
m
 
-<
я
 
ш
 
ο
α
 
«
α
 ö
 
<
-
f
 
Τ
 
Τ
 
f
 
—
 
i с
м
 
< а
 
ω
 
c
 
.
*
 
α>
 
з
 
CL
 
"
О
 
„
с
«
 
m
 
<
 
с
о
 
ω
 
ca
 
α
 ö 
ш
 
tt 
I
 
И
Щ
И
 
fj? \ I 
в
 
Il
 
M
 II 
CO 
О
 
о)
 (
о
 
о
 
с
о
 
О
 
*
 
) JL 
#2 
iÉá
A 
jflc
^
 
я
 
|
 
in
 
1
 
»
-
f 1 ι Ι 
о
 
τ
—
 
•
 
1
 
Ю
 
g 1 
τ
—
 
h
-
i
s 
co
 
^
 
*
*
 
0) с α> 
r4 
л
; 
υ
 
3 
Ό
 
rO
 
44 
.
-4 
03 
Ü *
 
44 
(
β
 
и
 
•
а
 
S 
+J 
rd 
tí о 
•
И
 
44 
о
 
І
Я
 
и
 
Ч
-
І
 
>
1 
Д
 
Ό
 
0
>
 
T
I 
0 и с 11 01 φ 
Ό
 
•
Η
 
4-1 
ft 
φ
 
ft 
>
1 
.
-
Ч
 
о
 
ft 
Ч
-
І
 
0 с
 
0 
•
г4 
•μ 
tO 
Ν
 
•
Η
 
h α) •Ρ υ rd іч ГО 
Λ
 
ο
 
ο
 
•
Η
 
4-1 
α
 
1-1 
0 
я
 
а
 
0 n 
44 
и
 
0) 
^
Ч
 
ω
 
<
Ν
 
Ο
ι
 
•
г4 
fe 
Ι
 
rd 
-
Η
 
ω
 
с
 
ru
 
Ì4 
4-1 
О
 
Ц
 
44 
-M
 
С
 
•M
 
Ч
Ч
 
0 [Л
 
•H 
w
 
(1) 
n
 
0 
Д
 
ft 
0 ¡ч
 
4-1 
О
 
01 
^
ч
 
01 
1-1 
α
ϊ
 
4-1 
Ч
ч
 
rO
 
Ш
 
.
-I 
α
ϊ
 
0) 1-1 
(1) 
s m ω αϊ 
Λ
 
EH 
>
1 
^
Ч
 
0) > 
-
Η
 
4-1 
и
 
Π) 
ft 
ω
 
01 
14 -
U) 
с
 
0 
•
Η
 
4-1 
Ο
 
Г0 
и
 
Ч
ч
 
<
 
2 g с
 
•H 
tb
 
И
 
m
 
Ό
 
•H 
i г-4 >1 И и гв 
.
-I 
Г
О
 
44 
W
 
,_,
 
0) и
 
3 №
 
•
И
 
Р
ч
 
С
 
•
и
 
Ό
 
0) 
4-1 
rO
 
и
 
•
Н
 
т
З
 
e 
Ή
 
ω
 
г
о
 
^f 
-
α
 
с
 
Г
О
 
с
м
 
~
 
,—< Ш
 
0) С ГО
 
^
ч
 
0 
-
Ρ
 
4-1 
С
 
α
ϊ
 
υ
 
ro
 
•
r—
i 
>
ι
 
Ό
 
1
ч
 
υ
 
!f¡ 
С
 
ш
 
>
ι
 
r4 
^4 
О
 
ft 
с
*
 
η
 
т
-4 
to
 
Q W 
144 
О
 
UI 
Л
 
ft 
г
в
 
H 
л
; 
и
 
з
 
Ό
 
Ό
 
С
 
rO
 
44 
.
-
ч
 
Г
О
 
О
 
*
 
4-1 
Г
О
 
!
ч
 
С
П
 
.
-4 
о
 
H о
 
3 
ω
 
r-i 
<
 
4
4 
*
ζ
 
§
 
S 
e
 
о
 
л
 
U
 
ω
 
•
Η
 
ι
-
Ι
 
^
 
Ή
 
U 
to
 
~
-
+J 
ω
 
τ
ι
 
>
Ί
 
с
 
U
 
(S 
о
 
m
 ~
 
<
 
Г
О
 
3 
ъ
 
-
н
 
>
 
•
и
 
-
в
 
с
 
-
н
 
e О 14 
1*4 
ω
 
44 
и
 
3 
3 я О, с О -н 4J 
rd 
ш
 
O
l 
с
 
Г
О
 
.
-
Ч
 
Ξ
 
0 и
 
г
н
 
Т
З
 
0) > 
•
и
 
и
 
О) 
Т
З
 
І
Я
 
01 
α
 
•
Η
 
г
Ч
 
m
 
^
ч
 
D tu 
g g 
m
 n 
о
 
Г
Ч
 
в
 
0 и
 
144 
43 
О) 
1
ч
 
α
ϊ
 
> 0 и 0) ¡ч 
m
 
с
 
0 
•
и
 
4-1 
-H 
(
Л
 
0 ft 
0) 
Ε
-r 
С
Л
 
л
 
ft 
rO
 
¡4 
01 
H i 0 "3 '-4-1 Я СП
 
•H 
1
ч
 
Ό
 
С
 
rd 
4J 
№
 
4
4 
0 1ч
 
О
 
3 
^4 
ч
ч
 
0) 
Λ
 
4J 
С
 
•
г
Ч
 
І
Л
 
O
l 
с
 
rd 
Η
 
О) 
я
 
4-1 
U
4 
0 01 
ω
 
0 
а
 
+
>
 
0 
4-1 
•
о
 
tí 0 ft ω 0) и іч 0 и ω OJ о 
•
Η
 
^
ч
 
ω
 
м
 
ш
 
Ol 
^
ч
 
O
l 
s 44 44 rd Ol №
 
с
 
Η
 
д
; 
и
 
rd 
S 
4J 
tí 
•H 
о
 
С
 
ω
 
•
н
 
X 
Г
О
 
Л
 
a
 
ω
 
а
 
01 
л
 
с
 
4-1
 
0 
•
н
 
>
і
 
4-1 
^
Н
 
Г
О
 
с
 
,-
н
 
О
 
tu
 
С
 
•
 
г
о
 
г
Ч
 
И
 
CJ
 
4-1 
С
П
 
01 
0)
 
Д
 
Ä
 
4-1 
4-1 
•
Р
 
с
 
с
 
•
И
 
0) 
01 
tu
 
m
 
с
 
я
 
I 
о
 
to
 
О
 
.
-4 
Г
О
 
01 
-
 
e 
<j
 
te
 
·
 
-
н
 
Μ
 
Φ
 
—
 
4
J
 
4J 
te 
ω
 
·
·
 
ο
ι
 
^
^
 
Ν
 
·
 
0
 
—
 
Φ
 
01
 
Π)
 
4-1 
^4
 
U 
Ο
 
0 
·
·
 
Ο
 
.
-4 
01
 
Ο
 
3 
С
 
~
 
Ü 
•
Η
 
σ
ι
 
·
Η
 
Ш
 
UO
 
4
J 
4->
 
~
-
 
Φ
 
0
 
Η
 
!4
 
С
 
ft
 
·
Η
 
φ
 
Β
 
Λ
 
І
Ч
 
3
 
4-1 
Φ
 
Д
 
0
 
ft
 
-4
 
г
Ч
 
ч
ч
 
•
н
 
а
 
4-1
 
к
 
•
и
 
ui
 
e
 
0
 
0 
ft
 
4-1 
4-1 
и
 
0 
rd
 
Д
 
г
-
Ч
 
•
г
Ч
 
01 
в
 
д
 
•
Н
 
4-1 
01 
4-1 
ft
 
4-1
 
IO
 
>
1 
я
 
Ό
 
O
l 
44 
0 с
 
O
l 
43 
О) 
1
ч
 
Г
О
 
и
 
4-1 
и
 
3 
т>
 
0 1ч
 
ft 
O
l 
с
 
O
l 
С
 
с
 
•
и
 
С
П
 
н
 
^
ч
 
rd 
с
 
-H 
& 
•H 
1
ч
 
0 0) 
д
 
4J 
44 
0 ся
 
Í4 0) ΓΊ
 
g С
 
0) 
я
 
Е
ч
 
г
Ч
 
Г
О
 
44 
m
 
>
1 
14 
υ
 
>
1 
и
 
rd 
1 и «
 
01 
С
П
 
Ό
 
С
 
г
о
 
•
Н
 
0) 
4-1
 
Jtí 
id
 
s 
И
 
0 
с
г>
 
¡
ч
 
•
Н
 
І
Ч
 
a
 
to
 
O
l
 
4-1 
4-1
 
te
 
Ο
 
[ι
,
 
3 
Ό
 
·
 
0
 
—
 
и
 
н
 
ft 
ο
ι
 
с
 
ч^
 
0
 
л
 
-
и
 
г
о
 
•
Ρ
 
Е
ч
 
to
 
п
Ч
 
φ
 
01
 
φ
 
С
 
Ш
 
re
 
—
 
Η
 
4-1
 
Φ
 
о
 
Я
 
>
ч
 
С
 
4J 
V4
 
tO
 
0 
te 
a
 
a
 
J-
1 
3
 
υ
 
т
з
 
и
 
3 
Φ
 
Φ
 
Ό
 
4-1
 
01
 
0 
г
о
 
м
 
.
-4
 
φ
 
ft 
>
1
 
С
 
д
 
-
Η
 
с
 
4-1
 
>
 
0 
Φ
 
0
 
-
Η
 
а
 
д
 
4-1 
—
U
 
to
 
U
 
Ό
 
-( 
з
-
 
С
 
O
l 
н
 
tO
 
с
 
—
'
 
te
 
~
 
я
 
·•
 
IO
 
4-1 
S
 Q 
O
l 
.
 
о
 
3 
4-1
 
О
 
0 
X
 
о
 
с
 
φ
 
»
 
φ
 
4-1
 
kû
 
С
П
 
•
н
·
 
0 
φ
 
~
 
Ό
 
Φ
 
С
 
Il
 
С
 
11 
•
И
 
*
*
 
в
 
•
•
 
O
l
 
3
 
E
H 
е
д
ы
 
0
 
г
Ч
 
•
Η
 
tO
 
·
 
44
 
>
 
«
С
 
О
 
0
2 
и
 
к
 
•
*
 
-
в
 
Ό
 
~
 
С
 
tí
 
г4 
•
п
а
ю
 
44 
s
 
о
 
0 
0
 
О
 
44 
и
 
о
 
и
 
«
и
 
te
 
о
 
г
а
 
Π
 
·
Η
 
•
Ч
 
>
ι
 
Ό
 
•
—
 
4-1 
t
.
 
д
 
с
 
с
 
•
н
 
Φ
 
>
 
0
 
'
г
Ч
 
S
 
Ο
ι
 
4-1 
φ
 
Φ
 
и
 
ft
 
4-1
 
(Л 
с
 
s 0 с
 
м
 
ί
-
Ч
 
.
-
ч
 
г
о
 
ч
ч
 
0 
to
 
О
 
O
l 
•
Η
 
φ
 
Τ)
 
Ό
 
С
 
-
Η
 
•
Η
 
4-1 
ft 
01
 
φ
 
4-1
 
ft 
Й
 
>
,
 
•
И
 
ί
-4 
ft ft 
с
 
-
и
 
te
 
Φ
 
с
 
01
 
-
и
 
л
;
 
te
 
01
 
Μ
 
φ
 
•
И
 
Ά
 
ΐ
 
U
 
>
,
 
44 
Φ
 
Λ
 
44
 
С
 
4
4 
ω
 
Ю
 
0 
tO 
U
 
»1 
U
 
-
И
 
44 
о
с
и
 
44
 
0
 
3 
Д
 
Ό
 
-
 
H
 
0 
f
»
 
re
 
и
 
3
 ü
 ft 
*
 
с
 
і
Ч
 
-
-
 
0 
0
 
Ю
 
-
Η
 
44
 
D
 
4
4 
65 
ЛТИТГТи' 
1 2 3 4 5 
1 — 
10-i 
15-Ê 
20-i 
25-^ 
ret calf 
щшшлЯЛ 
1_5 
Lio 
Lis 
• 
L-20 
L25 
chicken duck . 
^^P 
Fig. 3 Detection of OA-crystallin mRNAs. 
The nitrocellulose filter shown in Figure 1 was depleted from hybridized 
cDNÄ probe and subsequently rehybridized with the P-labeled nick-
translated insert from pRLOA-1 (32) . The autoradiograph is shown; lane 5 
represents a longer exposure of lane 4. 
(1200 bases) could only be detected after extensive electrophoresis in a 
denaturing gel. (Figure 4 B). 
The unknown polypeptide X may represent a putative calf lens aA-1-118-
chain or -more generally- an OA-like primary gene product. In that case 
the mRNA encoding X should share substantial homology with the 01A2 nucleo-
tide sequence. In order to test this possibility plasmid DNA carrying a 
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Fig. 4 Partial size separation of aA2~ and ctA -crystallin mRNAs. 
Lens total mRNA (20 pg) from the species indicated was applied to wide 
slots of a denaturing gel and electrophoresed until 14S RNA had migrated 
about 25 cm. Following electrophoresis each lane was divided into 2 longi-
tudinal sections. The RNA in one set of four sections was transferred to 
nitrocellulose and hybridized with the P-labeled nick-translated insert 
from pRLOA-1,- (A) shows the autoradiograph. (B) represents the autoradio-
graph of a nitrocellulose filter hybridized as described for (A) and 
carrying calf lens total mRNA (20 pg) transferred from a denaturing gel in 
which 14S RNA had migrated about 35 cm. (C) shows a fluorograph of the 
electrophoretic separation on an SDS 13% Polyacrylamide gel of in vitro 
translation products from mRNA recovered from the upper (U) and lower (L) 
regions of the other lane sections as indicated in (A). Data obtained for 
rat lens mRNA are not shown. T: translation products of the original un-
fractionated mRNA. 
cloned OÄ2-mRNA sequence (32) was immobilized on nitrocellulose filters 
and hybridized with either unfractionated or size-selected 14S calf lens 
mRNA, the latter being highly enriched in οιΑτ- and X-specific sequences. 
Hybridization with total rat and hamster lens mRNAs served as control 
experiments. Specifically hybridized mRNA was recovered, translated in 
vitro and the translation products were electrophoresed in a ID-gel of 
which the fluorograph is shown in Figure 5. From all four initial mRNA 
samples the OA2-mRNA was hybrid-selected by the plasmid DNA (see HS lanes). 
However, in contrast to the simultaneous selection of OAIns-mRNA in case 
of the rodents (see lanes 2 and 4), in accordance with previous results 
(14), the calf lens mRNA encoding X was not hybrid-selected since no 25 
kDa protein was seen in the in vitro translation assay (Figure 5, lanes 6 
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Fig. 5 Identification of otA-crystallin mRNAs by positive hybrid-selected 
translation. 
mRNA was selected from either rat, hamster and calf lens total mRNA or 
purified calf lens 14S mPNA by hybridization to pRLaA-1 plasmid DNA. 
Specifically hybridized and initial mRNAs were translated in vitro and 
their translation products were electrophoresed on an SDS 13% Polyacryl­
amide gel in lanes US and T, respectively; the fluorograph is shown. Note 
that X, indicated by arrowhead in lane 7, is not detected in lanes 6 and 
8. Lanes 7/9 and 10/11 display the translation products from two different 
preparations of purified calf lens 14S mRNA. The mRNA input for the syn­
thesis of the polypeptides displayed in lanes 9 and 11 was a 20-fold higher 
than the amount needed to generate the in vitro translation products shown 
in lanes 7 and 10, respectively. 
lanes 6 and 8). Further evidence against an OA-like identity for calf lens 
X has been gained via two-dimensional gel electrophoresis and one-dimen­
sional peptide mapping (not shown) . The latter analysis excluded that X also 
is identical to ßBp which, like X has an apparent Mr of 25 kDa (see Table I). 
Characterization_of otB-crystallin mRNA 
Previous studies revealed that rat and calf lens aB2~mRNAs have a 
sedimentation value of 10S in sucrose density gradients (9, 14, 36). Dena-
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turing gel electrophoresis shows sizes of 750 and 800 nucleotides for rat 
and calf 0tB2-mRNA, respectively. (Figure 2 A/B: in vitro translation 
products are most abudant in lanes 18 and 16). Fig. 2 С shows that in duck 
lens (two differently sized mRNAs direct the synthesis of a polypeptide 
with an apparent M
r
 of 22 kDa comigrating with 01B2. This primary gene 
product is mainly displayed in lanes 5-7 and around lane 18 (see asterisks), 
indicating that the corresponding mRNAs have a size of 1500 and 800 nucleo­
tides, respectively. Analysis on 2D-gels confirmed that this polypeptide 
is identical to duck lens 01B2 (see open arrowheads in Figure б A, B) . 
Additional evidence was provided by one-dimensional peptide mapping (not 
shown) . These results indicate that in contrast to the single 0tB2-mRNA in 
rat and calf lens, there are two separate 0lB2-mRNAs in duck lens. The 800-
nucleotide 0tB2-mRNA is obviously the major species as judged from the 
highest level of aB2~synthesis detected in lane 18. 
Characterization of other crystallin mRNAs 
a) ß^crvstallinjnRNA 
The various ß-crystallin primary gene products have previously been 
identified in rat (22) and calf lens (39, 40). The four rat lens ß-
crystallin gene products have different apparent molecular weights (see 
Table I) and can easily be distinguished on the ID-gel shown in Figure 2 A, 
thus allowing direct size determination for all rat ß-crystallin mRNAs. 
The size of calf lens ßBja could also be determined. In contrast, the 
accurate size determinations of six other calf lens ß-mRNAs could not be 
inferred from Figure 2 В as some of their in vitro translation products 
migrate at similar positions in ID-gels. Approximate sizes for these mRNAs 
could be assigned, however, by 2D-gel electrophoretic analyses (Figure 2 B, 
lanes 10-15) (39). 
The ß-crystallin subunits synthesized de novo by total duck lens mRNA 
can be resolved on ID-gels into seven bands ranging in apparent Mr from 
23 to 34 kDa (Figure 2 C, lanes T). Most bands represent various simi-
larity sized polypeptides (cf. Figure 6 Β), some of which may have been 
generated by posttranslational modification in the reticulocyte lysate. 
The majority of the duck lens ß-crystallin mRNAs are 800-1000 nucleotides 
long extending from fractions 13 to 18 (Figure 1, lane 4). However, mRNAs 
of considerably higher molecular weight (gel fraction 5) also direct the 
synthesis of ß-chains (see asterisk in Figure 6 A). 
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b) y^crystallinjiiRNA 
The γ-crystallin mRNAs from rat and calf lens reside in the lower 
molecular weight RNA fraction (Figure 1, lane 1 and 2), corresponding to 
mRNAs between 650 and Θ00 nucleotides in length. No γ-crystallin polypep­
tides have been detected among the in vitro translation products derived 
from total or fractionated duck lens mRNA in accordance with previous 
results (5). The six rat γ-crystallin genes have recently been cloned. 
Sequence analysis has shown that the putatively transcribed mRNA sequences 
are very similar in size, varying only from 619 to 637 nucleotides (41). 
This implies that the size differences among the γ-crystallin mRNAs are 
mainly due to length heterogeneity of the 3'-terminal poly(A) tails. 
c) 6- and ε-crystallin mRNA 
The 47 and 48 kDa in vitro translation products displayed in Figure 2C, 
lane 1, represent the major duck lens δ-crystallin polypeptides (42, 43). 
Their synthesis is directed by mRNA corresponding to the uppermost 17S 
hybridization band visualized in Figure 1, lane 4. The inferred size of 
about 1900 nucleotides for duck lens δ-crystallin mRNA is similar to that 
reported for its counterpart in chicken lens (15, 44). 
Recently, in duck lens a new trimeric lens protein designated ε-
crystallin has been found with a subunit M
r
 of 38 kDa (S.O. Stapel et al., 
manuscript in preparation). This component is rather abundant among the 
in vitro translation products from total adult duck lens mRNA (Figure 2 C, 
lanes T). Figure 2 С shows that the highest level of newly synthesized ε-
crystallin was directed by mRNA recovered from the RNA gel fractions 5-7, 
indicating a length of about 1450 nucleotides. 
Fig. 6 Two-dimensional gel electrophoretic patterns of in vitro transla­
tion products from 15S and lis duck lens mRNA. 
(A) and (B) show fluorographs of 2D-gels containing the same in vitro 
translation products as the ones displayed in lanes 5 and 18 of the ID-gel 
presented in Figure 2 C. These polypeptides were synthesized de novo by 
duck lens mRNA recovered from gel slices 5 (15S RNA) and 18 (HS RNA) of 
the lane adjacent to lane 4 in Figure 1. Note that both RNA fractions 
direct the synthesis of aB (marked by open arrowheads). 
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DISCUSSION 
The size of most mRNAs is related to the apparent molecular weight of 
their respective primary gene products. In the crystallin mRNA population, 
however, various species are found that have a length far exceeding their 
coding requirements. Sequence analysis has shown that the extraordinary 
size of rat and mouse cU^-mRNA is due to a long 3'-untranslated region of 
520 and 536 nucleotides, respectively (16, 32). The length of this region 
is apparently well conserved among the various mammalian species (cf. 
Figure 4 A) . The OA2-mRNA from duck lens was found to be even 400-450 
bases larger than its counterparts in rat and calf lens. All mammalian(XA2-
mRNA examined in the present study displays a size heterogeneity of 
approximately 100 nucleotides. Depolyadenylation experiments have pointed 
out that this is due to the poly(A) tail which appears in two size classes 
(Dodemont et al., submitted). 
The large size differences among the duck lens aB2-mRNAs (700 bases) 
and between the afore mentioned OA2-mRNAs of the birds and mammals (400-
450 bases) are presumably not due to extended 5'-untranslated sequences or 
long 3'-terminal poly(A) tails. The longest 5'-non-coding region reported 
sofar for a eucaryotic cellular mRNA is that of the minor liver α-amylase 
mRNA which comprises 239 nucleotides (45), and the poly(A) track of newly 
synthesized mRNA has an average size of about 200 residues (46). This 
suggests that the A 2- and B 2 subunits of a-crystallin in the species 
analyzed are encoded by mRNAs which differ markedly in their 3'-non-coding 
regions. 
Little is known yet about the aB2-gene organization in birds and 
mammals. The two duck aB2~mRNAs may be encoded by separate genes or may 
arise from a single gene either through alternative splicing, presumably 
at the З'-end (see above) of the primary transcript, or via poly(A) 
addition at different sites as has been found for other mRNAs (47-50). 
Only one copy of the CHA-crystallin gene has been detected in the haploid 
genomes of birds and mammals (Dodemont et al., submitted for publication). 
The αΑ2- and 0iA
Ins
-mRNAs of the Muroidea species are known to be generated 
from this single gene via alternative splicing pathways (37). In calf and 
duck lens only OA2-chains are observed. 
The present study shows that various mRNAs can be enriched from the 
total mRNA population by preparative denaturing gel electrophoresis. This 
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allows a simple preselection of mRNAs which are present only in minor 
amounts. Prior selection of sequences for cloning can also be achieved 
directly via the corresponding cDNAs as outlined in Figure 7. The advantage 
of this approach has recently been demonstrated for the cloning of rat lens 
α-, β- and γ-crystallin mRNAs (14). 
1 2 3 4 
D sscDNA 
-28 S 
-23 S 
-18 S 
—16 S 
—10 S 
Fig. 7 Analysis of crystallin-specific cDNAs. 
Lens total cytoplasmic poly(A)-containing RNA from rat (R), calf (C), 
chicken (Ch) and duck (D) as visualized in Figure 1 was converted into 
single-stranded (ss) cDNA which was fractionated on a 1.5% agarose gel in 
the presence of 10 mM methylmercury hydroxide. An autoradiograph of the 
dried gel is shown. 
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ASSOCIATED WITH SEQUENCE CONSERVATION OF 
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SUMMARY 
CtA2-Crystallin, a major structural polypeptide of the vertebrate eye 
lens, is evolutionärlly highly conserved. We have analyzed the corres-
ponding nucleic acid sequences in both genomic DNA digests as well as in 
lens cytoplasmic RNA preparations from a wide variety of vertebrates by 
blothybridization with cloned rat 0tA2-crystallin cDNA probes. The probes 
are not able to hybridize under any conditions to RNA and DNA derived from 
fish and amphibia, but do show substantial homology with the sequences of 
the three higher vertebrate classes. The OlA-crystallin gene occurs only 
once in the haploid genome. The coding sequence is sufficiently conserved 
for being detected under stringent hybridization conditions. Surprisingly, 
the 3'-untranslated region of aA2-crystallin mRNA is also conserved among 
all mammals and birds examined. However, the regions comprising the 
conserved sequences are differently represented in the ultimate mRNA. 
First, the OA2-mRNA 3'-non-coding regions of reptiles and birds are 300-550 
bases longer than those of mammals. Second, some rodents produce next to 
the aA2-mRNA another species which encodes the otAIns-polypeptide posses-
sing an insertion of 22/23 amino acid residues between positions 63 and 64 
of the OA2-chain. Here we show that (XA2 and (XAIns-mRNA are generated from 
the single gene as the major and minor species, respectively, in a propor-
tion which is similar to the ratio of the polypeptides found in vivo and 
in vitro. Finally, we have found size heterogeneity for the 0lA2-mRNA of 
most mammals examined. This is due to the variable size of the poly (A) 
tail which appears in two discrete size classes. 
INTRODUCTION 
The crystallins are a group of structural proteins which account for 
the bulk of the water-soluble protein in the vertebrate eye lens (Harding 
and Dilley, 1976; Bloemendal, 1977). There are four immunologically distinct 
classes called a-, β-, γ- and δ-crystallin, the latter being confined to 
birds and reptiles (Clayton, 1974; Williams and Piatigorsky, 1979). The 
largest of these proteins is α-crystallin which is composed of four sub-
units of M
r
 20,000 (van der Ouderaa et al., 1973 and 1974) giving rise to 
aggregates with an average M
r
 of 800,000 (Bloemendal et al., 1972a). Only 
two of the subunits -0LA2 and 01B2- are under direct genetic control (Berns et 
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al., 1972; Mathews et al., 1972) whereas the other two -otAi and αΒι- arise 
as posttranslational modifications by deamidation (Palmer and Papaconstan-
tinou, 1969; Bloemendal et al., 1972b; van Venrooij et al., 1974). For four 
species (rat, hamster, mouse and gerbil) the occurrence of a third 
primary gene product -oA I n s- has been reported (Cohen et al., 1978a; de 
Jong et al., 1980). Protein sequence data were first obtained for the calf 
lens CIA2- and QlB2-chains; these subunits share about 60% sequence homology 
suggesting that they originate from a common ancestral gene (van der 
Ouderaa et al., 1974). At present the total or nearly complete sequences 
of the (XAj-chains have been determined from 41 mammalian species and 4 
representatives of submammalian origin. These studies showed that the aA-
crystallin sequence is evolutionarily highly conserved (for a review, see 
de Jong, 1982). This implies that an OA-specific nucleotide sequence 
derived from a particular vertebrate source may be used as a probe in 
molecular hybridization assays for the detection of aA-sequences among 
other species. In fact, this approach has shown to be successful in other 
studies where actin and tubulin cDNA probes originating from the slimemold 
Dictyostelium and chicken were used to investigate the organization of the 
corresponding genes in sources as distantly related as human, sea urchin 
and Drosophila (Tobin et al., 1980; Fyrberg et al., 1980; Cleveland et al., 
1980; Sánchez et al., 1980). 
Up to now, the molecular cloning has been reported of cDNAs derived 
fromoü^-crystallinmRNA of rat (Dodemont et al., 1981) and mouse (King et 
al., 1982). Sequence determination has shown that both the coding and 3'-
non-coding regions of rat and mouse (XA2-mRNA share a high degree of homo-
logy. In both mRNAs the total untranslated region including the poly (A) 
tail comprises about 60% of the entire sequence (Moormann et al., 1981; 
King et al., 1982). In the present report we employed the rat aA-cDNAs as 
molecular hybridization probes to study within a wide evolutionary range 
the complexity of the aA-gene organization and the conservation of trans-
lated and 3'-untranslated regions both in sequence as well as in length 
of the corresponding mRNA. Finally, we examined the relative abundance of 
the 01A2- and aA^ns-mRNAs of rat, hamster and mouse which are generated 
from a single gene by alternative splicing as predicted previously 
(Bloemendal et al., 1978; de Jong et al., 1980) and evidenced by King and 
Piatigorsky (1983). 
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MATERIALS AND METHODS 
Animals 
The following fifteen species representing six vertebrate classes were 
used: 
Agnatha: lamprey (Lampetra fluviatilis); 
Osteichthyes: cichlid teleost Tilapia mossambica (Sarotherodon mossambicus) ; 
Amphibia: toad (Xenopus laevis); 
Reptilia: varan (^aranus exanthematicus); 
Aves: chicken (Gallus gallus) and peking duck (Anas platyrhynchos); 
Mammalia: rat (Rattus norvegicus), mouse (Mus musculus), hamster 
(Mesocricetus auratus), rabbit (Oryctolagus cuniculus), 
guinea pig (Cavia porcellus), cat (Felis catus), calf (Bos 
taurus), monkey (Macaca irus) and human (Homo sapiens). 
Tilapia and Xenopus were provided by the Department of Zoology, University 
of Nijmegen, The Netherlands. All other animals were obtained from the 
Central Animal Laboratory of the Medical Faculty of the University of 
Nijmegen, The Netherlands, except chicken, duck and calf which were 
ordered from the slaughterhouse. 
Lenses were used for the isolation of total cytoplasmic RNA. Liver tis-
sue was the source for the preparation of high molecular weight DNA from 
all animals except rat (spleen), hamster, chicken and duck (brain), calf 
(thymus) and monkey (lens). All tissues were either quickly frozen at -70°C 
or directly processed. 
Materials_and reagents 
Oligo(dT)-cellulose (T2 grade) and oligo(dT)12-18 primer were obtained 
from Collaborative Research and nitrocellulose (BA 85) was ordered from 
Schleicher and Schuell. Methylmercury hydroxide was bought from Alfa 
Ventrón and 1,2-cyclohexylenedinitrilotetraacetic acid monohydrate (CDTA) 
was purchased from Aldrich. E.coli DNA polymerase, Proteinase К and E.coli 
tRNA were obtained from Boehringer. DNAase I was bought from Worthington 
Biochemicals and RNAase H was purchased from BRL. DNA restriction endo-
nucleases were ordered from BRL, New England Biolabs and Boehringer. 
L-[35s]methionine (spec. act. 1000-1200 Ci/mmol) and a-[32p|dCTP (spec, 
act. 2000-3000 Ci/mmol) were purchased from the Radiochemical Centre, 
Amersham. 
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Isolation of_lens cytoplasmic_RNA 
Lens cytoplasmic RNA was prepared from all animals mentioned above 
except monkey. Calf lens polyribosomes were isolated as described by 
Bloemendal et al. (1966). From all other animals total lens cytoplasmic RNA 
was prepared as outlined previously (Ramaekers et al., 19Θ2). Purified 
lens nuclei from hamster and monkey also obtained by the latter procedure 
were used for the isolation of high molecular weight genomic DNA (see 
below). The RNA samples were deproteinized by Proteinase К digestion (100 
Уд/ml) at 37°C for at least 2 h in the presence of 0.5% SDS. Some prepara­
tions were applied to oligo(dT)-cellulose for selection of poly (A)-
containing RNA (Aviv and Leder, 1972). 
îf2^5ï^°D_2Ë_t}i2'1_?2^ecH^ar weight 2fn2miÇ_2NA 
High molecular weight genomic DNA was prepared from all animals 
mentioned above except Tilapia. Since the starting tissues were mainly 
livers obtained from non-starved animals, the DNA was isolated via a puri-
fied cell nuclei preparation. One gram portions of finely minced tissue 
were homogenized with a loose-fitting Dounce homogenizer in a tenfold 
excess of an ice-cold buffer as described (van der Putten et al., 19Θ2) 
except that spermidine was omitted. Residual tissue was either removed by 
filtration through cheese cloth or further trimmed in a Polytron blender 
at low speed. Following homogenization an equal volume of 2% (v/v) NP-40 
in the same buffer was added and mixed by homogenization. The homogenate 
was centrifuged at 0°C, 12,000xg for 2 min. The supernatant was discarded 
and the nuclei were thoroughly washed by two cycles of homogenization in 
an excess volume of the homogenization buffer supplemented with 1% (v/v) 
NP-40, followed by passage through 21 gauge needles and centrifugation as 
described above. After a last wash with 50 mM Tris.HCl pH 7.5, 5 mM CDTA 
(ТС) the purified nuclei were resuspended in 5 ml of TC containing freshly 
dissolved Proteinase К at 100 pg/ml. SDS was added to a final concentra­
tion of 0.5% and the DNA was extensively deproteinized by incubation at 
37°C for at least 4 h. Final purification of the DNA was achieved by 
several extractions with phenol equilibrated with TC and chloroform: iso-
amylalcohol (24:1) and two successive precipitations with ethanol. 
Electroghoresis_of_nucleic_acids_and_blothybridization 
Either total or poly (A)-containing or depolyadenylated lens cytoplas-
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mie RNA was glyoxylated and electrophoresed on horizontal 30 cm long 1.5% 
agarose gels as described (McMaster and Carmichael, 1977). Digestion of DNA 
with restriction endonucleases and electrophoresis on horizontal 30 cm long 
0.5% agarose gels was as outlined previously (van der Putten étal., 1979). 
Electrophoresis was performed for 24-48 h while the buffer was recirculated. 
Molecular weight standards were visualized by staining with ethidium bro-
mide. The RNA size markers were rat IBS and 28S rRNA (2050 and 5200 bases, 
respectively), E.coli 16S and 23S rRNA (1600 and 3200 bases, respectively) 
and rabbit 10S globin mRNA (650 bases). The DNA size markers generated 
from phage lambda DNA by Hind III digestion were 23.7, 9.5, 6.7, 4.3, 2.3 
and 2.0 kilo basepairs (kbp). Transfer of RNA and DNA to nitrocellulose 
filters was performed according to Thomas (1980) and Southern (1975), res-
pectively and filters were baked in vacuo at 80°C for 2h. Prehybridization 
(4-8 h), hybridization (20-40 h) with 106 cpm/ml of 32P-labeled plasmid 
probe and two preliminary washings (2x1 h) under conditions of either low 
(30°C) or high stringency (42°C) were performed in solutions as described 
(Quint et al., 1981) except that dextran sulfate was omitted and 5 mM EDTA 
was included. The final washings were for 15 min each at different tempe-
ratures in solutions containing 0.1% SDS and variable concentrations of 
SSC (standard saline citrate; 0.15 M NaCl, 0.015 M trisodium citrate) as 
indicated in the Figure legends. Filters were shortly dried at room tempe-
rature and autoradiographed for 3-6 days by exposure to Kodak AR film at 
-70°C using intensifying screens. For re-use, DNA blotfliters were dehy-
bridized at room temperature by the following series of washings: once 
with freshly prepared 0.1 M NaOH, 1.5 M NaCl for 10 min, once with 1 M 
Tris.HCl pH 7.0, 1.5 M NaCl for 5 min and twice with 2x SSC for 1 min each. 
DNA hybridization_grobes 
The previously characterized (Moormann et al., 1981) rat lens crystallin 
<XA2-mRNA-specif ic recombinant cDNA plasmids pRL aA-1 and pRL 0iA-3 were the 
sources for the preparation of DNA probes. Both plasmids were isolated on 
a preparative scale and purified by CsCl density gradients in the presence 
of ethidium bromide. The inserts were excised from the vector DNA by Pst I 
digestion, fractionated by agarose gel electrophoresis and recovered by 
electroelution. Probe 1 represents the entire insert from pRL aA-1 contai-
ning a 756 bp stretch derived from the 0tA2-mRNA. It encompasses the e n -
coding region ranging from amino acid residues 53 to 173 in addition to a 
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391 bp sequence accounting for 75% of the 3'-non-coding region of the aAo-
mRNA. Probes 2 and 3 comprise the insert of pRL aA-3 and are separated from 
each other by Hinf I digestion. Probe 2 contains the outermost 454 nucleo­
tides at the З'-end of the aA^-rnRNA representing 87% of the 3'-non-coding 
sequence. Probe 3 represents the 73 C-terminal amino acids next to the 
first 70 nucleotides of the 3'-non-coding sequence. All three probes to­
gether encompass 80% of the entire rat lens o^-mRNA sequence. Only the 5'-
part of the OtA-specific sequence corresponding to the 52 N-terminal amino 
acids next to a putative 5'-non-coding region, is not represented in the 
probes. The probes were labeled in vitro to high specific activity (2-5 χ 
10 cpm/yg) with a-|32p|dCTP, E.coli DNA polymerase and DNAase I by nick-
translation as described (Rigby et al., 1977). 
Cloning of the hamster aA-crystallin gene 
High molecular weight DNA from hamster brain (200 lig) was completely 
digested with 400 units Bam HI and electrophoresed as described above. The 
region of the agarose gel containing fragments ranging in size from 13 to 
15 kbp was isolated and the DNA recovered by electroelution. The hamster 
DNA was packaged in vitro in Charon 28. After transformation one positive 
signal was obtained among a total population of 250,000 plaques using the 
technique of Benton and Davis (1977). The recombinant phage was isolated 
via CsCl density centrifugation. The 14 kbp Bam HI DNA insert was charac­
terized by restriction enzyme mapping using blothybridization with three 
different probes (see above). 
Removal_of_poly_^A^_from_mRNA_with RNAase_H 
The incubation mixture (40 μΐ) was assembled on ice and consisted of 
20 mM Tris.HCl, pH 7.5 at 37°C, 100 mM KCl, 10 mM MgCl,, 0.1 mM DTT, 0.1 
mM EDTA, 5% glycerol and 100 pg/ml oligo(dT).„_.„ primer. Poly (A)-contai-
ning RNA was added to a final concentration of 100 ug/ml and after 5 min 
on ice the mixture was incubated at 37 С for 20 min in the presence of 1.6 
units of RNAase H. The reaction was terminated by adjusting the volume to 
200 μΐ containing 50 mM Tris.HCl, pH 7.5 at 20°C, 5 mM EDTA, 0.2% SDS and 
20 Ug E.coli tRNA. The depolyadenylated RNA was recovered by phenol extrac­
tion and two successive precipitations with ethanol. 
Recoyery_of mRNA from_gels 
When RNA was to be recovered from a gel and translated in vitro, elec-
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trophoresis was performed on vertical 26 cm long 1.5% agarose slab gels 
in the presence of 10 mM methylmercury hydroxide (Bailey and Davidson, 
1976) . Individual 3 mm gel slices were crushed by passage through an 21 
gauge needle attached to a 1 ml syringe into a 1.5 ml Eppendorf tube with 
300 μΐ of a solution containing 50 mM Tris.HCl, pH 7.5 at 20°C, 5 mM CDTA, 
0.5 M NaCl, 10 mM DTT, 0.2% SDS and 10 yg of E.coli tRNA. The RNA was re­
covered by two extractions with phenol followed by two extractions with 
chloroform: isoamylalcohol (24:1) and two successive precipitations with 
ethanol. The RNA was dissolved in twice-distilled water and 1 μΐ aliquots 
were assayed for in vitro translation in a'nuclease-treated rabbit reti­
culocyte lysate in the presence of L-[35s]methionine (Pelham and Jackson, 
1976). Translation products were electrophoresed on 13% Polyacrylamide 
gels containing SDS (Laemmli, 1970) which were processed for fluorography 
according to Bonner and Laskey (1974). 
RESULTS 
Evolutionary conservation of the OlA-crystallin sequence 
First we have examined the capability of the rat-derived otA-specific 
probes to hybridize with the corresponding sequences in other eucaryotic 
DNAs. Five Ug amounts of genomic DNAs derived from 14 vertebrate represen­
tatives were digested to completion with Eco RI. The generated restriction 
fragments were fractionated by agarose gel electrophoresis and transferred 
to nitrocellulose. The blotfilter was first hybridized under conditions of 
low stringency with probe 1 containing both aA-coding as well as non-
coding sequences (see Materials and Methods) and subjected to sequential 
washings of increasing stringency. Each step was separately recorded by 
autoradiography; the results are shown in Figure 1, Α-C. All tested DNA 
digests except those derived from lamprey (lane a) and Xenopus (lane b) 
display a simple band distribution pattern with only one or two predomi­
nantly hybridized fragments (lanes c-n). Under all washing conditions the 
rat, hamster and mouse DNAs reveal the most prominent bands (Figure 1 A-C, 
lanes f-h). Surprisingly, the other mammalian DNAs (lanes i-η) show hybri­
dization of considerably lower intensity. Rather strong bands are observed 
in the DNAs of the reptile (lane c) and birds (lanes d, e) under conditions 
of low stringency (Figure 1 A). They decrease in intensity as compared to 
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A _ _ _ B 
a b c d e f Q h i l h i m n o a b c d e f g h i i k l m n o 
С 
D 
Fig. 1 Detection of the otA-crystallin sequence in Eco RI digests of 
vertebrate genomic DNAs 
5 Ug aliquots of DNA were digested with Eco RI, electrophoresed on a 0.5% 
agarose gel and transferred to a single nitrocellulose filter. The filter 
was first hybridized at 30°C with 32P-labeled probe 1 followed by a series 
of washings of increasing stringency. Autoradiographs are shown after final 
washings of (A): 2xSSC, 0.1% SDS at 50°C; (B): O.lxSSC, 0.1% SDS at 50°C; 
(C) : O.lxSSC, 0.1% SDS at 60°C. The filter was then dehybridized, rehybri-
dized at 30°C with 32P-labeled probe 2 and subjected to a final washing of 
2xSSC, 0.1% SDS at 50°C; (D) shows the autoradiograph. Lanes a-η represent 
Eco RI digests of DNAs from (a) lamprey, (b) Xenopus, (c) varan, (d) 
chicken, (e) duck, (f) rat, (g) hamster, (h) mouse, (i) rabbit, (j) guinea 
pig, (k) cat, (1) calf, (m) monkey and (n) human. The horizontal line at 
the top represents the start of gel electrophoresis. Bars at the right in­
dicate molecular weight markers derived from XDNA digested with Hind III 
(see Materials and Methods), electrophoresed in lane o. 
the rat, hamster and mouse hybridization signals upon increasing the 
stringency of the washing conditions. After the final rather stringent wash 
(Figure 1 C) the hybridization bands detected in the submammalian DNAs 
(lanes c-e) are still stronger than those obtained in the mammalian DNAs 
in lanes i-η except for cat DNA (lane k). 
No significant hybridization has been detected in the DNAs of lamprey 
and Xenopus (lanes a, b). The multiple bands occurring in the lamprey DNA 
under low stringent conditions (Figure 1 A, lane a) are considered to be 
non-specific since excess unlabeled salmon sperm DNA carrier was included 
in the hybridization solution. Additional assays using higher amounts of 
DNAs either cleaved with Eco RI or other restriction endonucleases in com­
bination with less stringent hybridization and/or washing conditions still 
failed to detect any significant hybridization in these DNAs (data not 
shown). 
Figure 1 D depicts the autoradiograph of the same nitrocellulose filter 
as shown in Figure 1 Α-C but hybridized to probe 2 containing exclusively 
3'-non-coding sequences (see Materials and Methods). The hybridization and 
washing conditions were similar as those described for Figure 1 A. Again 
the rat, hamster and mouse DNAs (lanes f-h) display by far the most promi­
nent bands. However, the small rat and the large mouse DNA bands hybridized 
to probe 1 are no longer detected with probe 2, indicating that these DNA 
fragments do carry OtA-coding sequences. Substantial but weak hybridization 
signals occur in the DNAs of the other mammals (lanes i-η) and the birds 
(lanes d, e). Most of these DNA fragments were already visualized -though 
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with higher intensity- upon screening with probe 1 as shown in Figure 1 A-C 
and therefore contain both OlA-coding and non-coding sequences. No signifi­
cant hybridization at all is observed in the DNAs of the fish, amphibian 
and reptile species (lanes a, b and c, respectively). 
At this stage, it is not yet possible to conclude that sequence diver­
gence alone accounts for the observed difference in hybridizing intensi­
ties of the fragments detected in the various eucaryotic DNAs. Theoreti­
cally, this may partly be ascribed to variability in overall genome size 
or to different OA-crystallin gene copy numbers. To provide more conclu­
sive data we selected three DNA sources namely varan (lizard), duck and 
hamster for further examination. 
Genomic_representation_of_the_uA-crYStallin_sequence_in_varan_a^ 
Five Vg aliquots of varan and duck DNA were digested with a variety of 
restriction enzymes, electrophoresed on an agarose gel and transferred to 
nitrocellulose. Figures 2 and 3 show the varan and duck DNA fragments, 
respectively, hybridized under low stringent conditions with either probe 1 
(panels A and B) or probe 2 (panels C). By comparison of the autoradio-
graphs shown in panels A and С it becomes apparent that the strongly hy­
bridized fragments represent the oiA-coding sequences which are still 
detected after the nitrocellulose filters have been subjected to a second 
more stringent wash (panels B). Strong hybridization signals are absent in 
the multiple varan DNA digests displayed in Figure 2 A, lanes d, f and g. 
This may be due to the cleavage by the combined enzymes of the aA-coding 
sequence into several fragments which are too small to be retained on the 
nitrocellulose filter thus escaping detection by hybridization. 
The hybridization signals of low intensity obtained with probe 1 (see 
Figures 2 A and 3 A) fall apart into two categories. First there are in 
the duck DNA digests weakly hybridized bands indicated by asterisks in 
Figure 3 A, which still persist after a wash of higher stringency as shown 
in Figure 3 B. These bands are the only ones also obtained after hybridi­
zation with probe 2 containing exclusively 3'-non-coding sequences (Figure 
3 C) and are thus identified as the duck OA-gene 3'-untranslated sequences. 
These data together with the finding that probe 2 also recognizes the 
corresponding sequences in mammals (Figure 1 D) allows the conclusion that 
the aA-specific 3'-non-coding sequence is substantially conserved in birds 
and mammals. The corresponding sequences in varan and rat have apparently 
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diverged from each other to an extent where nucleic acid blothybridization 
fails to detect any homology (see Figure 2 C). 
The second category of faint bands as displayed in Figures 2 A and 3 A 
represent fragments which are no longer detected with probe 1 after a wash 
of higher stringency as shown in Figures 2 В and 3 B. These fragments may 
carry parts of the OtA-coding sequences which are less conserved than those 
residing in the strongly hybridized DNA fragments in Figures 2 A, В and 
3 A, B. Alternatively, they may originate from either OA-pseudogenes or 
from the Offl-gene(s) which has to be considered in view of the fact that the 
calf OtA- and CtB-gene products share about 60% sequence homology (van der 
Ouderaa et al., 1974). 
In nearly all varan and duck DNA digests examined the aA-coding sequence 
is found in single hybridized DNA fragments. In addition, in duck DNA also 
the 3'-untranslated sequence is detected as only one hybridization band in 
each digest tested. This suggests that the aA-gene occurs only once in the 
haploid genome. 
Genomic representation_of the_aA-crystallin sequence_in_hamster_DNA 
Figures 4 А, В show the patterns obtained after hybridization of probe 1 
to nitrocellulose filters containing 28 different restriction digests from 
haraster DNA. Hybridization of these filters with probe 2 revealed essen­
tially the same patterns except that the large restriction fragments gene­
rated by either Sph I alone (Figure 4 A, lane 1) or in combination with 
Bam HI (Figure 4 B, lane e) were detected as very weak bands (data not 
shown). The inferred restriction enzyme map of the DNA encompassing the 
hamster OtA-gene as outlined in Figure 4 С shows that the gene is substan­
tially comprised within a 4 kbp Bam HI - Kpn I fragment (see double arrowed 
line), although it may be more extended towards the 5'-direction since 5'-
specific sequences were not represented among the probes used. However, 
the hybridizing activity is predominantly located within the 3'-portion of 
the 4 kbp fragment (see shaded area). This Sal I - Kpn I fragment with a 
size of 1.9 kbp is too small to harbor two gene copies since the corres­
ponding mRNA has a size of 1250-1300 bases (see below). 
Direct_evidence for_a single OlA-crystallin gene_in_the_haploid_genome 
In nearly all genomic DNA digests tested from varan, duck and hamster 
both the OA-3'-non-coding- (except from varan) and coding sequences have 
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Fig. 4 Characterization of the ctA-crystallin gene and flanking sequences 
in hamster genomic DNA by restriction enzyme mapping. 
Twenty eight different digests (5 yg each) of hamster brain DNA were elec-
trophoresed on two 0.5% agarose gels, blotted onto nitrocellulose and hy­
bridized at 42°C with 32P-labeled probe 1, followed by a final wash of 
O.lxSSC, 0.1% SDS at 50°C. (A) Autoradiograph of the filter carrying 
restriction fragments generated by (lane a) Bam HI, (lane b) Eco RI, (lane 
с) Hind III, (lane d) Bam Hi/Eco RI, (lane e) Bam Hi/Hind III, (lane f) 
Eco RI/Hind III, (lane g) Bam HI/Eco RI/Hind III, (lane h) Hpa I, (lane i) 
Kpn I, (lane j) Sst I, (lane k) Xba I, (lane 1) Sph I, (lane m) Bgl II and 
(lane n) Pst I. (B) Autoradiograph of the filter with the DNA fragments 
derived from double digestions with Bam HI next to (lane a) Hpa I, (laneb) 
Kpn I, (lane c) Sst I, (lane d) Xba I, (lane e) Sph I, (lane f) Bgl II, 
(lane g) Pst I, (lane h) Sma I, (lane i) Mlu I, (lane j) Cla I and (lanek) 
Sal I. Lanes 1, m and η display the digests generated by Sal I/Kpn I, Sail 
/Sst I and Kpn I/Sst I, respectively. Digestions involving Sst I, Sma I and 
Sal I are partial. (C) displays the restriction enzyme map of the hamster 
OA-crystallin gene and surrounding DNA as inferred from the blothybridi-
zation analyses of (A) and (B). Only the enzyme sites of which the 
positions can be unambiguously deduced, are presented. The indications of 
the double arrowed line and shaded area are discussed in the text. 
been detected as single hybridization bands (Figures 2-4). There is a 
potential pitfall in the interpretation of these data as to correspond 
with the occurrence of only one aA-crystallin gene in the haploid genome. 
Theoretically, the hybridization signals may be the resultants of several 
similar-sized DNA fragments derived from multiple gene copies either 
separately integrated in different parts of the genome or represented as 
tight gene clusters. This possibility requires the assumption that all gene 
copies and their flanking sequences have identical distribution profiles 
for the target sites of the restriction endonucleases tested. Although 
such a site homogeneity may occur for a limited number of enzymes as has 
been reported for other gene systems (e.g. the family of closely related 
actin genes from Drosophila (Fyrberg et al., 1981) and the newt histone gene 
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Clusters (Stephenson et al., 1981)), it is hardly conceivable that this 
also holds true for a rather large variety of restriction endonucleases as 
was used in the present study of the genomic representation of the <XA-
crystallin genes. Therefore, it seems rather unlikely that the single hy-
bridization signals obtained here are derived from multiple aA-crystallin 
genes. 
To provide a definite answer regarding the gene copy number we performed 
the reconstitution experiment described in the legend to Figure 5. The 
hybridizing capability of probe 1 to three different hamster DNA prepara-
tions was calibrated with that obtained within a series of known amounts 
of a 4 kbp Bam HI -Kpn I DNA fragment containing the cloned hamster aA-
gene (see below) corresponding with 1/16 to 32 copies per diploid genome. 
g 
For the hamster diploid genome size we have assumed a value of 6x10 bp 
which is similar to the determined values of rat (Pearson et ai., 1978) and 
mouse (Laird, 1971,- Cech and Hearst, 1976) which are 6x10 and 5.4xl09 bp, 
respectively. The autoradiograph shows that the hybridization signals 
displayed by all three hamster DNA digests (lanes b-d) have a similar 
intensity as the one revealed in lane j (see arrow) which demonstrates the 
presence of a single aA-crystallin gene in the haploid genome. 
TheJk>n^3^-non-coding_region_of_hamster 5f^3m5N^_i.^.Ì5terrugted in the_gene 
We have characterized by restriction enzyme mapping a cloned 14 kbp 
Bam HI fragment containing the single OtA-crystallin gene from hamster brain 
DNA; the results are shown in Figure 6. Comparison of the maps derived 
from the cloned fragment (Figure 6 A) and the original hamster brain DNA 
(Figure 4 C) reveals that we have isolated the naturally occurring gene. 
The 5'-located 5 kbp Bam HI - Sst I fragment is shown enlarged in Figure 
6 B. The regions which span the sequences represented in three different 
probes outlined in Figure 6 С are indicated by double arrows. 
The additional 150 bp CtA-coding sequence represented in probe 1 ranging 
from amino acid residues 53 to 100 hybridizes with the 1.2 kbp Hpa I - Sail 
fragment. The location of the sequence coding for the N-terminus could not 
be assigned. However, a recent report showed the presence of a large 1376 
bp intron in the comparable region of the mouse aA-crystallin gene. The 
intron separates codons 63 and 64 of the aA-crystallin mRNA and contains 
the insert-specific coding information represented in the OA -mRNA which 
arises from the single gene next to the OA2-mRNA by a different splicing 
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Fig. 5 Titration of αΑ-crystallin gene copy momber in hamster genomic DNA 
Three preparations of hamster genomic DNA (5 yg each) derived from brain, 
lens and liver were digested with Bam HI/Kpn I and electrophoresed on a 
0.5% agarose gel in lanes b, с and d, respectively. Lanes e-η contained 
Kpn I digests generated from mixed samples consisting of 5 yg Xenopus 
carrier genomic DNA and variable amounts of a cloned 14 kbp Bam HI fragment 
containing the hamster αΑ-crystallin gene in the following series of in­
creasing concentration: (e) 0.7, (f) 1.5, (g) 3, (h) 6, (i) 12, (j) 23, (k) 
47, (1) 93, (m) 187 and (n) 373 pg of the digested fragment corresponding 
to 1/16, 1/8, 1/4, 1/2, 1, 2, 4, 8, 16 and 32 copies per diploid genome, 
respectively. The complexity of the hamster diploid genome was assumed to 
be 6xl09 bp. The bars at the left indicate the position of the λ/Hind III 
markers electrophoresed in lane a. After electrophoresis the DNA was trans­
ferred to nitrocellulose, hybridized at 42°C with 32P-labeled probe 1 and 
finally washed with 2xSSC, 0.1% SDS at 50°C; the autoradiograph is shown. 
The arrow in lane j indicates the hybridized Bam HI - Kpn I fragment of 
virtually the same intensity as those obtained in the 3 hamster DNA digests. 
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Fig. 6 Characterization of the cloned 14 kbp Bam HI fragment carrying the 
hamster OtA-crystallin gene. 
DNA from the recombinant phage ChHOtACrl was digested with Bam HI and the 
14 kbp insert was subjected to detailed restriction enzyme mapping. (A) 
shows the map of the total insert with the relative positions of 9 enzyme 
sites. The restriction enzyme Taq I has only been mapped left from the 
Sal I site at position 7.1 kbp. (B) represents a more detailed map of the 
5'-part of the insert, denoted by the double arrowed line in (A), spanning 
the OtA-crystallin gene. The double arrows in (B) carry the sequences 
residing in the 3 different probes visualized in (C) which were used for 
the construction of the map. Dotted lines indicate fragments that did not 
hybridize to any probe. The origin of the probes is discussed in Materials 
and Methods. CR and NCR represent the coding and non-coding region of the 
rat lens 0lA2-mRNA, respectively. The numbers in the coding regions refer 
to amino acid positions. 
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mechanism (King and Piatigorsky, 1983). Because of the size of the intron 
within the 5'-portion of the mouse OtA-crystallin gene it is conceivable 
that the 5'-end of the hamster gene is located upstream from the Hpa I 
site. 
The 3'-portion of the hamster gene resides in a region ranging from the 
Sal I site at position 2.1 to the Pst I site at position 3.5 kbp (Figure 
6 B) . Probe 3 representing the З'-part of the coding sequence in OU^-mRNA 
was found to hybridize exclusively with the 450 bp Hinf I fragment of the 
cloned hamster gene. Probe 2 contains the 3'-outermost 450 bases of the 
rat cxA2-mRNA 3'-untranslated region which has a total length of 520 bases 
comprising 42% of the entire mPNA sequence (Moormann et al., 1981). In 
the hamster gene the latter probe hybridizes over a distance extending 
from positions 2.25 kbp (Hinf I site) to 3.5 kbp (Pst I site), with 
exception of the fragments denoted by the dotted line (Fig. 6 B). Since 
the 3 '-non-coding sequences in rat and hamster OtA-mRNA are similar in 
length (see below), this suggests that an intervening sequence occurs 
within this part of the gene. The intron would have a size ranging from 
350 to 500 bp. 
(XA-crystallin mRNA is conserved in sequence but not in size 
Lens cytoplasmic RNA derived from 14 vertebrate species was fractionated 
on a denaturing gel and hybridized with probe 1 as described in the legend 
to Figure 7. The rat-derived OA-sequence hybridizes with the RNAs from all 
sources except the fish and amphibia species (lanes 1-3) which also after 
long exposure times still fail to display significant hybridization. These 
findings are thus in full agreement with the data obtained at the DNA 
level where it has been shown that the ability of the rat-derived probe 
to cross hybridize with genomic DNA from other species is confined to the 
three higher vertebrate classes. 
The OlA-mRNAs from all mammals examined (lanes 7-14) have a size of 
1250-1400 bases (14S) whereas those derived from the submammalian sources 
(lanes 4-6) are considerably longer, varying in size from 1700 to 1800 
bases (17S). The aAo-coding regions cannot account for this phenomenon 
since the protein sequences encompassing 173 amino acids are conserved in 
length (de Jong, 1982). This implies that the striking length differences 
between these mRNAs reside in their untranslated regions comprising both the 
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Fig. 7 Analysis of size and sequence conservation of aA-crystallin mRNAs 
in vertebrates. 
Variable amounts of either total or poly (A)-containing lens cytoplasmic 
RNA derived from the same 14 vertebrate species as described in the legend 
to Figure 1 (except that monkey lens RNA was substituted by Tilapia lens 
RNA) were glyoxylated, electrophoresed on a single 1.5% agarose gel, 
transferred to nitrocellulose and hybridized at 42°C with 32P-labeled 
probe 1, followed by a final wash of 2xSSC, 0.1% SDS at 50°C. Individual 
lanes of the hybridized filter were separately exposed. The composite 
autoradiograph is shown of the resultant hybridization of lens RNA from: 
(lane 1) lamprey, (lane 2) Tilapia, (lane 3) Xenopus, (lane 4) varan, 
(lane 5) chicken, (lane 6) duck, (lane 7) rat, (lane 8) hamster, (lane 9) 
mouse, (lane 10) rabbit, (lane 11) cat, (lane 12) calf, (lane 13) guinea 
pig and (lane 14) human. The positions of the RNA size standards (see 
Materials and Methods) are indicated at the right. 
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5'- and 3'-non-coding sequences and the poly (A) tail. However, all 
eucaryotic mRNAs of nonviral origin examined sof ar have a poly (A) tail not 
exceeding the size of 200 residues. In general, they contain only a short 
5'-non-coding sequence which for example in mouse CXA^-mRNA comprises 68 
bases (King and Piatigorsky, 1983). At present the known extremes for the 
size of 5'-non-coding sequences are 30 nucleotides for some silkmoth 
chorion mRNAs (Jones and Kafatos, 1980) and 239 bases for the minor liver 
α-amylase mRNA (Young et al., 1981). These data suggest that the size 
difference of 300-550 bases most likely resides in length variety of the 
otherwise substantially conserved 3'-non-coding regions of birds and 
mammals. 
Rat, hamster and mouse produce aA s-mRNA as the minor species next to the 
major_aA2-inRNA_which_has_two_discrete_sizes_of_100_and_200_r^ 
the poly (A^_tail 
Figure 7 shows that size heterogeneity of the αΑ-mRNAs occurs in most 
vertebrate sources tested. Incidentally, this may be due to degradation 
which most likely affected the RNA from guinea pig (lane 13) and human 
(lane 14). Rat, hamster and mouse (lanes 7-9) display clearly two bands. 
For these species the extra aA-chain, (XA containing an insert of 22 
amino acid residues between positions 63 and 64 of the OAj-chain, has 
been reported (Cohen et al., 1978a; de Jong et al., 1980). In a previous 
report (Moormann et al., 1981) we have shown that the upper band contains 
both 01A -mRNA and 0(A2-mRNA while the lower band represents exclusively 
(XA2-mRNA. At present the occurrence of an aAIns-mRNA in other species has 
not been demonstrated. However, the RNA preparations from cat and guinea 
pig and to a lesser extent also from calf do reveal two aA-specific RNA 
bands while the hybridization in other sources is more or less restricted 
to single bands. To test whether this feature is due to a variable size 
of the poly (A) tail we performed the experiment described in the legend 
to Figure 8. Here we compared from a few sources the size of native poly 
(A)-containing RNA and RNA which was depolyadenylated by enzymatic 
degradation of the poly (A) tail with RNAase H (see Materials and Methods). 
Both in calf and in cat RNA only one condensed hybridization band is left 
after removal of poly (A) which indicates that there are two discrete sizes 
for the poly (A) tail of calf (130 and 180 residues) and cat (70 and 170 
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Fig. 8 Comparative electrophoretic analysis of native poly (A)-containing 
and RNAase Η-induced depolyadenylated OlA-crystallin mRNAs. 
Poly (A)-containing lens cytoplasmic RNA samples from rat (2 yg) , hamster 
(2 Уд), mouse (2 yg) , calf (1 yg) , rabbit (4 yg) and total lens cytoplas­
mic RNA from cat (8 yg) were used either as they were isolated (- lanes) 
or depolyadenylated by treatment with RNAase H as detailed in Materials 
and Methods (+ lanes). Lane 1 represents blank-incubated poly (A)-contai­
ning rat lens cytoplasmic RNA. The RNAs were glyoxylated, electrophoresed 
on a 1.5% agarose gel, transferred to nitrocellulose, hybridized at 42°C 
with 32P-labeled probe 1 and finally washed with 2xSSC, 0.1% SDS at 50°C; 
the composite autoradiograph is shown. 
residues) ctA2-mRNA. Rabbit O^-mRNA has a single size for the poly (A) tail 
of 200 bases. In contrast, the three rodents still display two distinct 
bands after depolyadenylation which, however, appear in quite another ratio 
as compared to the native RNA. In order to identify these two poly (A)-
deficient RNAs we have repeated the experiment but now in combination with 
in vitro translation assays of the recovered RNA as detailed in the legend 
to Figure 9. The CXÄ2-mRNA resides in both bands displayed in the native 
poly (A)-containing hamster RNA which was electrophoresed in lane b 
(Figure 9 A). The occurrence of the aA2-mRNA in the depolyadenylated RNA 
is, however, restricted to the lower band (mainly fraction 7 from lane с 
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in Figure 9 A) whereas the upper band here represents exclusively ΟΑ^ η ε-
mRNA (fraction 6). 
Fig. 9 Separation of the aA, and dAIns-crystallin mRNAs in native and 
depolyadenylated hamster lens RNA. 
(A) Three 4 pg aliquots of hamster lens cytoplasmic RNA were loaded in 
wide slots and electrophoresed on a vertical 1.5% agarose gel in the pre­
sence of 10 mM methylmercury hydroxide in parallel lanes a, b and c. Lane 
a contained poly (A)-containing RNA after blank incubation in the absence 
of RNAase H; RNA size markers were also fractionated in this lane from 
which the positions of the 23, 18 and 16Ξ rRNA species (from top to bottom) 
are indicated. Lanes b and с show native poly (A)-containing (no treat­
ment at all) and depolyadenylated RNA (after incubation with RNAase Η), 
respectively. Following electrophoresis lanes b and с were longitudinally 
divided into 2 halves. The RNA in lane a and in one half from lanes b and 
с was blotted onto nitrocellulose, hybridized at 42°C with P-labeled 
probe 1 and finally washed with 2xSSC, 0.1% SDS at 50°C; the autoradio-
graph is shown. (B) The other halves from lanes b and с were sliced into 
3 mm fractions as indicated. The mRNA was recovered, translated in vitro 
and the radioactive translation products were electrophoresed in an SDS 
containing 13% Polyacrylamide gel; the fluorograph is shown. Lane Τ repre­
sents the translation products derived from the original hamster lens total 
mRNA population and lane В displays the endogenous translation products 
from the reticulocyte lysate. The numbers at top of the lanes correspond 
to the gel fractions in (A). 
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These data allow the following conclusions. First, the poly (A) tails 
of the OlA-specific raRNAs are not required for in vitro translation. Second, 
like in cat and calf the poly (A) tail of rat, hamster and mouse OU^-mRNA 
appears in two discrete size classes of 100 and 200 residues. Third, all 
three rodents express the 0tA^ns-mRNA as minor species. Its relative abun­
dance may be estimated as 5-10% as compared to the o^-mRNA. About the 
same ratio has been found for the corresponding polypeptides in vivo and 
after in vitro translation (Cohen et al., 1978b). Finally, the lengths of 
the depolyadenylated aA and OA.-mRNA as revealed in Figure 9 A, lane с 
are 1220 and 1150 nucleotides, respectively. The size difference of 70 
bases may theoretically account for the reported 69 nucleotides sequence 
(King and Piatigorsky, 1983) encoding the insert peptide within the coding 
region of the mouse OCA -mRNA. Moreover, the found size difference between 
both mRNAs leaves virtually no room for additional length discrepancies of 
their total non-coding regions. 
DISCUSSION 
The present work mainly provides information about the genomic re­
presentation of the OlA-crystallin genes with respect to gene copy number 
and patterns of evolutionary conservation of coding and 3'-untranslated 
sequences and their persistence in the ultimate mRNAs. The highly conserved 
Ä2~ and B2~chains of a-crystallin are encoded by separate genes which are 
thought to have evolved from a common ancestral sequence which duplicated 
well ahead of the origin of vertebrate evolution some 750 million years 
ago (van der Ouderaa et al., 1974; de Jong, 1981). One of the conclusions 
from the present work is that following the primary duplication event, the 
functional OtA-crystallin gene has persisted as a single species at least 
in the genomes of the present-day amniotes (reptiles, birds and mammals). 
No direct evidence could be provided for such an otA-gene organization 
among the anamnia as represented in the present study by lamprey, Tilapia 
and Xenopus. However, the occurrence of more than one transcriptionally 
active OtA-crystallin gene in the lower vertebrate genome seems rather un-
likely since no sequence heterogeneity has been found among the aA-chains 
within single anamnia species studied sofar, e.g. frog and dogfish (de 
Jong, 1982). The functional aA-crystallin gene might not always have been 
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represented as a single copy sequence during its entire evolutionary his­
tory. In fact, ancient duplications of the ancestral CXA (and aB)-genes 
cannot be excluded since we have detected several weak hybridization bands 
within genomic DNA digests from varan (Figure 2 A), duck (Figure 3 A) and 
to a lesser extent also from hamster (Figure 4 A, B) and calf (data not 
shown), which are obtained exclusively upon hybridization under low strin­
gent conditions with a probe carrying OA-coding sequences. These DNA frag­
ments may represent ав-coding regions or harbor less preserved sequences 
derived either from the single functional OCA-gene or from present-day non­
functional aA-pseudogenes being relics of early evolutionary duplications. 
With the knowledge that representatives of the three higher vertebrate 
classes have the same QtA-gene copy number, it is now feasible to relate 
the different hybridization intensities shown in Figure 1 Α-C to otA-
coding sequence divergence if appropriate corrections for differences in 
genome size are made. Although all mammals examined have similar haploid 
genome complexities of about Зхіо" bp (cf. Britten and Davidson, 1969) rat, 
hamster and mouse display by far the most prominent bands, irrespective of 
the stringency of hybridization and/or washing conditions. The OA-proteln 
sequences of these three rodents are identical (de Jong et al., 1975; de 
Jong et al., 1980; King et al., 19B2) . However, they differ from the (XA-
protein sequences of the other investigated mammals only in 1 (guinea pig) 
up to 8 (human) amino acid positions within a total of 173 residues (de 
Jong et al., 1977; de Jong, 1982). Some of these substitutions are located 
in the N-terminal part of the aA-chain and are thus even not involved in 
potential mismatch with our rat hybridization probe which contains only 
the coding information for amino acid residues 53 to 173. The low protein 
divergence mandated by only a low extent in base changes at replacement 
sites cannot account for the drastical decrease of hybridization. The 
considerable mismatch must be due to extensive base changes at silent 
positions in the OlA-coding nucleotide sequences of rat, hamster and mouse 
as compared to those of other mammals examined. Apparently, the rate of 
silent site divergence is much higher than can be anticipated considering 
its extent to be proportional to the time period of separate evolution. 
Guinea pig, hamster and mouse have diverged from rat some 50, 40 and 20 
million years ago, respectively (cf. de Jong, 1982) whereas the aA-trans-
lated nucleotide sequences of rat and mouse differ by 4-5% in synonymous 
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base changes (Moormann et al., 1981; King et al., 19Θ2). Under rather 
stringent conditions hamster and mouse Eco RI digested DNAs display hybri­
dization bands which are only slightly weaker than those obtained in rat, 
indicating a rather slow rate of silent site sequence divergence during the 
evolutionary radiation of these species (compare in Figure 1 С lanes f-h). 
In contrast, a considerably weaker hybridized fragment has been obtained 
in Eco RI digested guinea pig DNA (Figure 1 C, lane i) suggesting, that 
the OtA-coding sequences of guinea pig and rat differ in their silent posi­
tions far more than the expected 10% if divergence would have been linear 
with regard to time during the evolution of all four rodents tested. A 
similar pattern, though more pronounced, is also observed for the diver­
gence of the OA-gene 3'-untranslated sequences (Figure 1 D). These data 
suggest that somewhere in the period between 50 and 40 million years ago, 
in the stemline towards the present-day rat, hamster and mouse, those CXA-
crystallin gene sequence positions which had no effect on the protein 
sequence, have been under considerably reduced evolutionary constraints. 
Interestingly, at the same time the apparent relaxation of selective 
pressure might also have affected other parts of the otA-crystallin sequence 
since these three rodents are next to gerbil the only species known to 
express the additional aA^ns-chain containing an insert peptide (Cohen et 
al., 1978a,- de Jong et al., 1980). 
The αΑ-protein sequences of chicken, lizard (Tupinambis teguixln) and 
frog (Rana esculenta) differ all three by about 14% from the rat otA-chain, 
which is considerably more than the maximally 5% sequence divergence be­
tween the aA-chains from rat (hamster, mouse) and all other mammals tested 
(de Jong, 1982). The haploid genome sizes for birds and reptiles are 
9 9 
Ι-Ι.δχΙΟ
3
 and 2-3x10 bp, respectively (cf. Britten and Davidson, 1969). 
With these data in mind we estimate that even after correction for diffe­
rences in haploid genome complexities the hybridization bands obtained in 
the Eco RI digested DNAs of the reptile and bird species have a larger 
intensity than those of most mammals under all hybridization and washing 
conditions applied (Figure 1 A-C). In contrast, the Eco RI digested DNA 
from Xenopus which has like rat a haploid genome size of 3.1x10 bp 
(Davidson et al., 1973) is completely devoid of any significant hybridi­
zation, even under the lowest stringency (Figure 1 A ) . Chicken, lizard 
and frog have in their respective aA-chains a region comprising at least 
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50 amino acid residues with only 4-5 regular-spaced substitutions with re-
spect to the comparable portion of the rat otA-chain (cf. de Jong, 1982). 
The corresponding nucleotide stretches seem large enough to be able to 
form rather stable hybrids under non-stringent hybridization conditions, 
provided that there is no additional sequence divergence due to silent 
site substitutions. The failure of the rat probe to hybridize with Xenopus 
DNA therefore suggests that these species differ in their silent positions 
within the OA-coding regions to an extent which does not allow detection 
by nucleic acid blothybridization analysis. However, the corresponding 
sites of varan, chicken, duck and rat do show for some unknown reason a 
remarkable sequence homology which is even higher than that between rat 
and most other mammals examined. 
Strikingly, next to the <XA-coding region also the aA-3'-untranslated 
sequence is substantially conserved among all birds and mammals examined 
as judged by the criterion of nucleic acid blothybridization using genomic 
DNA digests. Up to now, only for the 3'-non-coding region of a-actin mRNA 
a rather modest interspecies sequence conservation has been reported as 
demonstrated by the ability of the rat-derived sequence to hybridize on 
RNA blots with the corresponding sequences of rabbit and dog but not with 
that of chicken under conditions comparable to those used in our experi-
ments (Shani et al., 1981). Even within a given species, in families of 
closely related genes by far not all members share a sequence homology in 
their respective 3'-non-coding regions which is sufficiently high to allow 
detection by cross hybridization within genomic DNA digests, as has been 
shown for the human ß-tubulin multigene family (Lee et al., 1983). 
The nature of size difference of the OA-mRNA 3'-non-coding regions 
among birds and mammals, in spite of their sequence conservation, is not 
clear. This kind of interspecies variation has not been demonstrated yet 
for other mRNAs although there are several reports of intraspecies occur-
ring multiple mRNAs which differ extensively in size of their 3'-untrans-
lated sequences but encode a single protein. Such multiple mRNAs have 
been identified for mouse dihydrofolate reductase (Setzer et al., 1980; 
Setzer et al., 1982), chicken and duck vimentin (Dodemont et al., 1982; 
Zehner and Paterson, 1983), Drosophila heavy-chain myosin (Rozek and 
Davidson, 1983) and for chicken ß-tubulin (Lopata et al., 1983). The size 
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heterogeneity of these mRNAs may arise by different mechanisms such as 
alternate splicing patterns at the 3'-ends (Rozek and Davidson, 19Θ3) or 
through termination of transcription at multiple polyadenylation sites 
(Setzer et al., 1982; Zehner and Paterson, 1983). Interestingly, the 
hamster <XA-mRNA 3'-untranslated sequence seems to be interrupted in the 
gene by an intron having a size (350-500 bp) which might well account for 
the average length difference observed in the corresponding OA-mRNA regions 
between mammals and birds or reptiles. Alternatively, transcription of the 
aA-crystallin genes of birds and reptiles may proceed to a site which is 
further downstream from the З'-end of the coding region as compared to 
mammals. 
The selective evolutionary constraints on the OtA-crystallin mRNA 3'-
non-ocding sequence as well as the persistence of its rather unusual size 
which -though truncated in mammals as compared to birds and reptiles-
still comprises at least 40% of the entire mRNA sequence not including the 
poly (A) tail, do suggest some critical function for this mRNA region. 
Sequence analysis of rat and mouse aA-crystallin mRNA (Moormann et al., 
1981; King et al., 1982) has not revealed any characteristic feature 
except for the presence of the ubiquitous 5'-AATAAA-3' sequence considered 
to be the signal involved in polyadenylation (Proudfoot and Brownlee, 1976; 
Fitzgerald and Shenk, 1981; Manley, 1983). A possible function for the 
(XA-mRNA 3 ' -untranslated sequence may reside in providing a fine-tuning 
mechanism for gene expression following the primary transcription and 
processing events. By virtue of its unusual size and sequence conservation 
this region may facilitate selective association with specific binding 
proteins which thus may govern the mRNA transport from nucleus to cyto­
plasm and/or the accessibility of the mRNA to polysomes for translation. 
The finding that in most mammals examined the poly (A) tail of 01A2-
crystallin mRNA occurs in two discrete size classes, may be indicative for 
different mRNA states with respect to protein synthesis. The poly (A) tail 
size per se does not seem to affect in general the translational ability 
and stability of mRNA (for reviews, see Brawerman, 1981; Littauer and 
Soreq, 1982). Most likely, the different sizes of the poly (A) tail merely 
reflect the relative age of the mRNAs with the oldest mRNA species having 
the shortest poly (A) track. Such age-depedent reduction in lenght of the 
poly (A) tail has previously been demonstrated for HeLa mRNA (Sheiness and 
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Darnell, 1973) and for mouse and rabbit globin mRNA (Gorski et al., 1974; 
Merkel et al., 1975; Nokin et al., 1976). The different-aged 0LA2-
crystallin mRNAs may well correspond to both newly synthesized mRNA which, 
while still associated with polyribosomes, is presently under translation 
and mRNA already released from polyribosomes, but that is still maintained 
in the cytoplasm. The existence of the latter aA2-mRNA class cannot be 
excluded in view of the presence of a potent RNAase inhibitor in the lens 
(Ortwerth and Byrnes, 1971; van den Broek et al., 1974). 
The variable poly (A) tail size of OA2-mRNA prevents complete separa­
tion of native poly (A)-containing cytoplasmic RNA from rat, hamster and 
mouse (see Moormann et al., 1981). RNAase Η-induced depolyadenylation has 
enabled to determine the real relative abundancies of these mRNAs. It has 
been shown that aAIns-mRNA constitutes about 5-10% of the total OA-mRNA 
population. This relative OA^ns-mRNA proportion seems to occur throughout 
the life span of these rodents since no differences have been found 
between mRNA preparations from animals varying widely in age (Dodemont, 
unpublished) . Moreover, no interspecies variation in the aA2/oiAIns-mRNA 
ratio can be observed (see Figure Θ). These data indicate that the alter­
nate splicing mechanisms known to generate both mRNAs (King and Piatigorsky, 
1983) are strictly regulated and suggest a rigid evolutionary conservation 
of the involved normal and aberrant splice junction sequences among the 
QtA-crystallin genes of the Muroidea representatives (rat, hamster, mouse 
and gerbil) . The ratio of 0tAIns/aA2-mRNA (1:20) is in accord with that of 
the corresponding polypeptides as found in rat lenses and as observed upon 
translation of rat lens mRNA (Cohen et al., 1978b). It may thus be 
concluded that the additional insert coding stretch in the CXAIns-mRNA does 
not affect the translational capability of this mRNA with respect to the 
aA2-mRNA. 
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SUMMARY 
Chapter I describes one- and two-dimensional gel electrophoretic 
analyses of both the isolated rat lens crystallin polypeptides as well as 
the in vitro translation products synthesized de novo under direction of 
rat lens polyribosomes or fractionated mRNAs. Comparison of the cold and 
hot gel patterns established the identification of individual a-, β- and 
γ-crystallin polypeptides as primary gene products or posttranslationally 
modified derivatives. As can be inferred from the number of newly 
synthesized polypeptides, at least 13 individual crystallin mRNA species 
occur in rat lens comprising 3a-, 4ß- and βγ-crystallin mRNAs. 
The molecular cloning of several mRNAs representing all three crystal­
lin classes is outlined in Chapter II. The cloned sequences were identi­
fied by one- and two-dimensional gel electrophoresis of in vitro trans­
lation products derived from mRNA specifically hybridized to the 
recombinant plasmid DNAs (positive hybrid-selected translation). The mRNAs 
from which the cloned cDNAs originated were characterized with respect to 
size by RNA blothybridization analysis. 
Three plasmid clones hybridized to both the aA2~ and aAlns-mRNA as 
judged from the simultaneous appearance of the corresponding primary gene 
products upon in vitro translation. Sequence analysis was applied in 
order to establish whether the aA-specific cDNA inserts correspond to 
either OÄ2" or aAIns-mRNA. These studies, presented in Chapter III, 
showed that the characteristic nucleotide stretch encoding the 22 amino 
acid insertion of otAIns was not represented in the cloned cDNA sequences, 
which indicates that these correspond to O^-mRNA. Furthermore, it could 
be shown that the extraordinary size of the OA2-mRNA being nearly three 
times larger than its coding requirement, is due to the occurrence of a 
520 nucleotides long stretch without any coding function, located 3' down-
stream from the otAj-translated region. This finding excludes definitely a 
bicistronic nature of this mRNA. The occurrence of a separate aA s-mRNA 
has been directly demonstrated by prolonged electrophoresis of rat lens 
14S mRNA on agarose gels in the presence of methylmercury hydroxide, 
followed by elution and subsequent in vitro translation of aA-specific 
mRNA fractions detected by blothybridization. 
The RNA analysis described above has also been applied for the 
characterization with respect to size of all crystallin mRNAs occurring 
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in rat lens next to those of two other vertebrates, namely calf and duck. 
These studies are summarized in Chapter IV. Here it is shown that the 01A2-
mRNA of rat (and also mouse and hamster) and calf lens appears in two 
discrete size classes. The 14S mRNA fraction from calf lens was found to 
encode, next to CA2, an additional primary gene product X, which, however, 
does not represent an aA-like sequence. Most surprising was the finding 
that duck lens apparently contains two aB2-mRNAs differing considerably in 
size, corresponding to IIS and 15S, versus just a single U S aB2~mRNA 
species in rat and calf lens. Moreover, the duck lens o^-mRNA was found 
to be 400-450 nucleotides longer than its counter-parts in rat and calf 
lens. These size differences presumably reside in the 3'-non-coding 
regions of the mRNAs suggesting different structural organizations of the 
aA- and aB-genes among the vertebrate species examined. 
The final part of this thesis, Chapter V, presents a study of the 
genomic representation of the aA-crystallin genes among a wide evolutionary 
variety of vertebrates, using the cloned rat 01A2-CDNAS as probes in blot-
hybridization analyses of DNA restriction digests. Although the aA-coding 
sequence was found to be substantially conserved among the three higher 
vertebrate classes (reptiles, birds and mammals) the relative hybridization 
intensities obtained revealed striking dissimilarities on the nucleic acid 
level in comparison with the known high evolutionary conservation of the 
0lA2-protein sequence. Surprisingly, also the αΑ-З'-non-coding region showed 
significant sequence conservation among all birds and mammals examined. 
The latter sequence was found, however, to diverge considerably in length 
in the ultimate mRNAs, being approximately 300-550 bases longer in reptile 
and bird OA-mRNA than in mammalian OA-mRNA. A possible function for the 
3'-untranslated region in otA-crystallin mRNA is discussed. The hybridi­
zation band patterns obtained within the genomic DNA digests tested 
strongly suggest that aA-crystallin is encoded by a single gene among the 
three higher vertebrate classes. This has been directly evidenced for 
hamster using the cloned hamster aA-crystallin gene as titration standard 
in a gene copy number reconstitution ecperiments. This implies that the 
aÄ2~ and aA -mRNAs of rat, hamster, mouse and gerbil both arise from 
the single gene by alternate splicing as has recently been established for 
the murine aA-crystallin gene (C.R. King and J. Piatigorsky, 1983, Cell 32, 
707-712). The ratio of the aA2~ and aAIns-mRNA appeared to be similar to 
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the relative proportion of the corresponding primary gene products found 
in vivo and in vitro. This could only be demonstrated following depoly-
adenylation of mRNA since the poly (A) tail of the 0LA2-mPNA was found to 
occur in two discrete size classes, the larger aA2-mRNA species comigrating 
with OAIns-mRNA on denaturing gels. 
SAMENVATTING 
Hoofdstuk I beschrijft de analyse via één- en tweedimensionale gelelec-
troforese van rattelens crystalline Polypeptiden, die rechtstreeks waren 
geïsoleerd of nieuw gesynthetiseerd in een celvrij systeem door rattelens 
polyribosomen of gefractioneerde mRNAs. Door vergelijking van de koude en 
radioactieve gelpatronen bleek het mogelijk individuele α-, β- and γ-
crystalline-polypeptiden te identificeren als primaire genproducten dan 
wel als posttranslationele modificaties. In de rattelens komen tenminste 
13 afzonderlijke crystalline mFNA species voor, waarvan er 3 coderen voor 
α-, 4 voor β- en 6 voor γ-crystallines, hetgeen kan worden afgeleid uit 
het aantal nieuw gesynthetiseerde Polypeptiden. 
De moleculaire clonering van verscheidene mRNAs welke alle drie crys­
talline klassen vertegenwoordigen, wordt beschreven in Hoofdstuk II. De 
gedoneerde sequenties werden geïdentificeerd aan de hand van één- en 
tweedimensionale gelelectroforese van in vitro translatieproducten 
gesynthetiseerd door mRNA, dat specifiek hybridiseerde met de recombinant 
plasmid DNAs (positieve hybride-geselecteerde translatie). De mRNAs van 
welke de gedoneerde cDNAs afstammen, werden qua grootte gekarakteriseerd 
met behulp van RNA blothybridisatie analyse. 
Drie plasmid-clonen bleken zowel met de aA,- als de aAIns-mRNA te 
hybridiseren daar, na in vitro translatie, beide primaire genproducten 
werden aangetroffen. De aA-specifieke cDNAs werden onderworpen aan sequen-
tie analyse teneinde na te gaan of het hier copieën van de 01A2- dan wel 
van de aAIns-mRNA betrof. Zoals blijkt uit Hoofdstuk III werd de karak-
teristieke sequentie, die codeert voor de insertie van 22 aminozuren van 
de aAIns-keten, níet aangetroffen in de gedoneerde cDNAs, hetgeen bete-
kent dat deze corresponderen met de aA.-mRNA sequentie. Verder kon worden 
aangetoond, dat de buitengewone grootte van de oü^-mRNA, die bijna drie 
keer langer is dan nodig om te kunnen coderen voor aA«, moet worden toe-
geschreven aan een ten opzichte van de coderende informatie 3' gelegen 
520 nucleotiden lange sequentie, die geen enkele coderende functie blijkt 
te bezitten. Deze bevinding sluit de eerder veronderstelde bicistronische 
aard van de aA2~mRNA definitief uit. Het voorkomen van een aparte αΑ* η Ξ-
mRNA naast de O^-mRNA kon rechtstreeks worden aangetoond door rattelens 
14S mRNA te onderwerpen aan langdurige electroforese in methylkwikhydro-
xide agarose gels, waarna de door blothybridisatie gedetecteerde aA-speci-
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fieke mRNAs werden geëlueerd uit de gel en vervolgens getransleerd in 
vitro. 
De boven beschreven RNA-analyse werd eveneens toegepast teneinde alle 
lens crystalline mRNAs van de rat alsmede ook die van het kalf en de eend 
qua grootte te karakteriseren, hetgeen wordt beschreven in Hoofdstuk IV. 
Zowel de CXA2-mRNA van rat (en ook die van de verwante species muis en 
hamster) en kalf blijkt voor te komen in twee aparte grootte-klassen. 
Verder werd aangetoond, dat de kalf siens 14S mRNA fractie naast 01A2 even-
eens een ander primair genproduct X codeert, dat echter géén aA-achtige 
sequentie blijkt te zijn. Het meest verrassende resultaat was dat in de 
eendelens blijkbaar twee aB2~mRNAs voorkomen, die aanzienlijk in grootte 
verschillen, corresponderend met IIS en 15S species, terwijl er één enkele 
11S aB2~mRNA werd gevonden bij de rat en het kalf. Bovendien bleek de eend 
aA2-mRNA 400-450 nucleotiden langer te zijn dan die van de rat en het kalf. 
Deze verschillende groottes dienen waarschijnlijk te worden gezocht in de 
3'-niet-coderende gedeelten van de mRNAs, hetgeen een verschillende 
structurele organisatie van de OtA- en otB-genen in de onderzochte diersoor-
ten suggereert. 
Het is bekend, dat het O^-crystalline zeer conservatief is, d.w.z. de 
aminozuurvolgorde van dit polypeptide is slechts aan zeer langzame veran-
deringen tijdens de evolutie onderhevig. In het laatste deel van dit 
proefschrift. Hoofdstuk V, is deze eigenschap aangegrepen om de CXA-sequen-
tie zowel op DNA als op RNA niveau te onderzoeken bij vertebraten, die 
een breed evolutionair spectrum vertegenwoordigen. Zowel genoom DNA 
restrictiedigesten als lens RNA samples werden getest met behulp van blot-
hybridisatietechnieken waarbij de gedoneerde rat aA2~cDNAs als probes 
werden gebruikt. Hoewel de OA-coderende sequentie wezenlijk geconserveerd 
bleek te zijn bij de species behorende tot de drie hogere klassen van de 
vertebraten (reptielen, vogels en zoogdieren), werden er opmerkelijke 
onderlinge verschillen in hybridisatie-intensiteit waargenomen in verge-
lijking met de grote evolutionaire conservering van de aA2~ei-witsequentie. 
Het 3'-niet-coderende deel van de OA-mRNA bleek eveneens beduidend gecon-
serveerd te zijn qua sequentie bij alle onderzochte vogels en zoogdieren. 
Qua lengte bleek deze sequentie echter aanzienlijk te variëren: in reptiel 
en vogel (XA-mRNA is deze ongeveer 300-550 nucleotiden langer dan in zoog-
dier otA-mRNA. Een mogelijke functie van deze 3 '-niet-coderende sequentie 
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in ctA-crystalline mRNA wordt besproken. De binnen de genoom-DNA digesten 
gedetecteerde hybridisatie-bandpatronen suggereren ten zeerste dat de 
species behorende tot de drie hogere klassen der vertebraten slechts één 
enkel OA-crystallinegen bezitten. Voor de hamster kon dit rechtstreeks 
worden bewezen door het aantal gencopieën te bepalen in een zogenaamd 
reconstitutie-experiment aan de hand van een titratiereeks met het gedo-
neerde hamster OA-crystallinegen als standaard. Dit impliceert, dat zowel 
de 01A2- als de aAIns-mRNA, welke voorkomen bij rat, hamster, muis en 
woestijnrat, via verschillende wegen van RNA splicing worden geproduceerd 
door het enkele OA-crystallinegen, hetgeen onlangs voor het muize OlA-
crystallinegen door sequentieanalyse is aangetoond (CR. King en J. 
Piatigorsky, 1983, Cell 32_, 707-712). De grootte-heterogeniteit van de 
(XA2-mRNA (zie boven) kon worden toegeschreven aan het verschil in poly (A) 
staartlengte. De grotere OA2-mRNA species comigreert met de 0iAIns-mRNA, 
hetgeen een juiste bepaling van de αΑ2/0ΐΑΙη5-πιΒΝΑ ratio aan de hand van 
blothybridisatie-analyse van natief mRNA verhindert. Pas na depolyadenyle-
ring kon de onderlinqe verhoudinq van OA 2- en OtA
Ins
-mRNA worden vastge­
steld; deze bleek overeen te komen met de ratio van de corresponderende 
primaire genproducten in vivo en in vitro. 
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